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Noble metal nanoparticles (NPs) (e.g. gold and silver) have been 
extensively used for various biomedical applications due to their unique 
optical property called localized surface plasmon resonance (LSPR). Taking 
advantages of LSPR, two-photon and multi-photon excitation photo- 
luminescence of metal or other luminescent nanoparticles could be greatly 
enhanced in the vicinity of metal nanoparticles, leading them to be a good 
candidate for various biomedical applications, in particular, for bioimaging.  
In this thesis, various metal and metal-based nanostructures were 
prepared to study the plasmon-enhanced two-photon and multi-photon 
excitation photoluminescence phenomena. Besides, their potentials of acting 
as cancer cells and bacteria imaging agents, insecticide detection probes and 
antibacterial materials were further explored. 
Firstly, NaYF4:Yb,Er@SiO2@Ag core-shell nanocomposites with 
varying SiO2 shell thickness were prepared to systematically investigate the 
distance dependent plasmon-enhanced multi-photon excitation photo- 
luminescence of upconversion nanoparticles. It was found that upconversion 
luminescence enhancement can be significantly modulated by changing the 
separation distance between Ag NPs and upconversion nanoparticles. When 
the separation distance was adjusted to 10 nm, the optimum upconversion 
luminescence enhancement factors of 14.4-fold and 10.8-fold were obtained 
when 15 and 30 nm Ag NPs were used, respectively. After modification with 
DNA, these nanocomposites displayed great biocompatibility and were 
successfully applied as biological imaging agents to image B16F0 cells.     
Secondly, two different sizes (20 and 40 nm) of Au NPs were prepared to 
study the effects of separation distance and nanoparticle size on the 
enhancement of two-photon photoluminescence (TPPL). The separation 
distance between Au NPs from 12.24 nm to 2.04 nm was manipulated by 
 viii 
 
using double strands DNA with different number of base pairs. At shorter 
separation distance, a larger enhancement was observed. Furthermore, the 
largest enhancement factors for 20 and 40 nm Au NPs-dsDNA assembly were 
115- and 265- folds respectively, at the shortest available separation distance 
of approximately 2.0 nm.  
Thirdly, Au nanospheres (Au NSs) with diameter of approximate 42.1 nm 
were prepared. These Au NSs were found to exhibit large TPPL enhancement 
after coupling in solution. Based on this observation, these CTAC-capped 
cationic Au NSs were successfully applied to image bacteria Staphylococcus 
aureus (S. aureus) and Escherichia coli (E. coli), due to the cationic Au NSs 
aggregation formed on anionic bacterial surfaces. Simultaneously, with 
irradiation of laser pulses in the NIR region, attached Au NSs aggregates were 
able to kill both selected bacterial pathogens due to the photothermal effect.  
Finally, Au@Ag bimetallic nanoparticles with different thicknesses of 
silver nanoshells coating were prepared and the effects of composition on 
plasmon-coupling enhanced TPPL were studied. A maximum TPPL 
enhancement factor of up to 836-fold was obtained when ~3.5 nm Ag 
nanoshell was coating on the Au NPs. In addition, the TPPL intensity was 
greatly enhanced after Ag nanoshell was coated on. Due to the large TPPL 
enhancement, Au@Ag NPs were applied for detection of insecticide cartap 
which could induce efficient coupling of Au@Ag NPs. As such, the excellent 
sensitivity and great selectivity were obtained. Besides, these Au@Ag NPs 
were also successfully applied to image S. aureus by using TPPL. Meanwhile, 
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Chapter 1. General Introduction 
Nanostructures, such as nanospheres, nanorods, nanoshells, nanoprisms, 
nanoplates, nanocages, and nanoclusters, have attracted much interest within 
the last two decades. Due to their small sizes (1-100 nm),
1
 nanoparticles often 
possess unique optical, electronic, magnetic and chemical properties which are 
different from those of bulk materials, leading to the development of 
numerous industrial, biomedical, and electronic applications.
 2-5
 These unique 
properties are ascribed to three major factors: large surface area-to-volume 
ratio,
6-9
 quantum size effect
9, 10
 and electrodynamic interactions.
 9, 11
  
Among the various types of nanostructures, noble metal nanostructures 
are one of the most important nanomaterials, as they possess unique chemical, 
physical and optical properties.
8, 9, 12
 These properties make them have a wide 









 ultrafast optical switches,
17







 and photodynamic therapy.
20
  
In this chapter, an overview on noble metal nanostructures is first 
introduced, followed by a brief introduction of the preparation of these 
nanostructures. Next, a general introduction of the two-photon and 
multi-photon photo- luminescence of noble metal nanoparticles and 
upconversion nanoparticles will be given. Following that, plasmon-enhanced 
photoluminescence is discussed. At the end of this chapter, an overview of this 
thesis is presented.  
1.1 Localized Surface Plasmon Resonance and Nobel Metallic 
Nanostructures 
1.1.1 Localized surface plasmon resonance 
Noble metals have many favorable properties, such as high electrical 
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conductivity, reflectivity, as well as high resistance to corrosion and oxidation, 
and therefore have been used for centuries. Noble metals colloids exhibit 
different optical properties in different microenvironment conditions.
21-24
 
These properties have been utilized for hundreds of years, for instance, to stain 
ceramics, silk fabric as well as glass for windows in different colors.
25
 The 
classic example of applying metal colloids for staining is Lycurgus cup which 
was made in the 4
th




Though these applications on metal colloids have been dated back to 
ancient roman times, the modern scientific research on metal nanostructures 
did not begin until Michael Faraday’s work in 1857.26 The gold colloids that 
are red in color were prepared by using phosphorus in carbon disulfide to 
reduce an aqueous solution of chloroaurate. However, it is not until 1908 that 
the optical responsive properties of gold colloids are elucidated by Gustav Mie 
who solved the Maxwell’s equation for the electromagnetic field distribution 
around small spherical particles.
27
 Mie make it possible to predict and explain 
the optical properties of gold nanoparticles by Mie theory. Since Mie theory 
can only be applied to spherical noble metal nanoparticles, Richard Gans 
extended the solution to the case of spheroidal particles under quasi-static 
approximations (now known as Gans theory).
28-30
  
However, both Mie and Gans theory are only accurate when the radius of 
metal nanoparticles (R) is much smaller than the wavelength  of the 
electromagnetic wave (λ ) (2R<λ ), and at low concentration of metal 
nanoparticles. Thus, only dipole and quadrupole terms are included.
27, 31, 32
 For 
metal nanoparticles which cannot meet this conditions, or when the more 
complex shapes are involved, such as bipyramids, triangles and branches, 
several numerical methods including boundary element method (BEM), 
discrete-dipole approximation (DDA), and finite difference in the time domain 
(FDTD) have been developed to estimate their associated optical 






Collective oscillations of the conduction band electrons in metals induced 
by incident electromagnetic radiation, are called surface plasmons.
36
 They can 
propagate along the metal-dielectric interface. These propagating surface 
plasmons consist of the conduction band electrons oscillations and their 
accompanied oscillating electromagnetic fields.
31, 36
 When the dimensions of 
metals are reduced to nanometer range, boundary and surface effects become 
very important, and thus, the surface plasmon behavior in metal nanoparticles 
is different from that in bulk metals (Figure 1.1).
37
 When excited by the 
time-varying electric fields associated with the incident light, a collective 
oscillation of the conduction band electrons is induced. This oscillation will be 
resonant with the incident light at a certain excitation frequency, resulting in a 
strong oscillation of the surface electrons. This phenomenon is known as 




Figure 1.1. Schematic illustration of the two types of plasmonic 
nanostructures as excited by the electric ﬁeld of incident light. (A) propagating 
surface plasmon. (B) localized surface plasmon resonance (LSPR). Reprinted 
with permission from ref 37. Copyright 2011 American Chemical Society. 
 
LSPR has attracted an enormous amount of interest in the past decades, 
as it possesses several unique features. Firstly, the excitation of LSPR is 
capable of directly converting the far-field signals into near-field ones, as well 
as near-field energies into far-field radiation.
40
 Secondly, the LSPR of metal 
nanostructures is strongly dependent on the size, shape, compositions, 
interparticle interactions, and the surrounding dielectric properties.
9, 41-43
 
Therefore, the LSPR can be easily tuned over a wide range, from the 
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ultraviolet region to the near-infrared region. For instance, Au nanospheres 
and nanocubes exhibit only one SPR band in the visible region, while Au 
nanorods, nanobranches, nanobipyramids have two SPR bands. These two 
SPR bands correspond to the longitudinal mode located in the near-infrared 
regions, and the transverse mode, which is located in the visible region, as 
shown in Figure 1.2 and 1.3.
43
 Lastly, the excitation of the LSPR can lead to a 
remarkable enhancement of electromagnetic field in close proximity to metal 
nanostructures due to the extreme field confinement.
44
 This electromagnetic 










Figure 1.2. TEM images of Au nanoparticles of different shapes and sizes. (A) 
Nanospheres. (B) Nanocubes. (C) Nanobranches. (D-F) Nanorods with 
different aspect ratio of 2.4, 3.4, 4.6, respectively. (G-J) Nanobipyramids with 
different aspect ratio of 1.5, 2.7, 3.9, 4.7, respectively. (Reprinted by 
permission of ref 43. Copyright 2008 American Chemical Society.) 
A B
 
Figure 1.3. Normalized extinction spectra of Au nanoparticles of different 
shapes and sizes. (A) Spectra correspond to nanospheres (black), nanocubes 
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(red), and nanorods with aspect ratios of 2.4, 3.4, and 4.6 (green, blue and 
purple) respectively. (B) Spectra correspond to nanobipyramids with aspect 
ratios of 1.5, 2.7, 3.9, and 4.7 (red, green, blue and purple), and nanobranches 
(black), respectively. Reprinted by permission of ref 43. Copyright 2008 
American Chemical Society.) 
 
The advantages of the localized surface plasmon resonances in noble 
metal nanostructures result in the enormous expansion of the field of 
plasmonics since 1990s. Due to the developments of both synthetic/nano- 
fabrication methodologies and theories in nanostructures plamonics over the 

















and surface plasmon-enhanced infrared photodetectors.
55
 
1.1.2 Preparation of noble metal nanostructures 
The variations in size and shape of the metal nanostructures can lead to 
unique plasmonic properties, and thus, it is a powerful tool to tune the LSPR 
by controlling the dimensions and morphology of metal nanostructures. In the 
past few decades, considerable effort has been devoted to develop various 
types of methods to prepare noble metal nanostructures with different 
geometries. The numerous preparative methods can be divided into two 
categories: “top-down” (physical manipulation) and “bottom-up” (chemical 
transformation).  
In the “top-down” approach, metal nanostructures are obtained through 
breaking down the bulk metals using the traditional microfabrication methods, 
such as electron beam lithography,
56





 Lithographical methods have been widely implemented to 
precisely control size, shape, and interparticle spacing of metal nanostructures. 
39, 59
 
The “bottom-up” approach, commonly known as liquid-phase method, 
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offers many advantages over the “top-down” approach. Firstly, the metal 
nanostructures prepared by these methods are well-dispersed in either 
hydrolytic or nonhydrolytic media. In addition, these nanostructures can be 
easily functionalized to meet various applications requirements. The most 
common “bottom-up” methods in the preparation of gold and silver 








1.1.2.1 Citrate reduction 
The most well-known method of metal nanoparticles preparation is 
citrate reduction method. In 1951, Turkevich developed an approach for the 
preparation of 20 nm Au nanoparticles by reducing HAuCl4 with citrate in an 
aqueous solution.
60
 Later in 1973, Frens obtained different sizes of Au 
nanoparticles through varying the reaction ratio of gold salt to the citrate.
61
 
The preparation of Ag nanoparticles by using citrate reduction of AgNO3 in 
water was first reported by Lee and Meisel in 1982.
66
 Typically, Au or Ag 
nanoparticles are obtained by adding a set amount of sodium citrate solution 
into a boiling solution of HAuCl4 or AgNO3 under stirring. The solution is 
then kept boiling for 1 h before cooling down. In this method, citrate acts as 
not only a reducing agent but also a stabilizer.
67
 This method remains popular 
now, and some modifications of the citrate reduction methods have been 
reported for preparation of various nanoparticles which have thus been 
employed in many applications.
68-70
 Apart from the quick generation of metal 
nanoparticles and low requirement of synthetic skills, the easily functionalized 
surface is another reason for the popularity of this citrate method. The citrate 
capping agents can be conveniently modified by biological agents, such as 
antibodies, peptides, proteins, and DNA, as the citrate agents carry negative 
charge while most of the biological agents are with positive charge.
71-74
 
Therefore, metal nanoparticles prepared by this citrate reduction method are 
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widely used in biological applications.
73-75
 
1.1.2.2  Polyol reduction  
Xia et al. and Yang et al. have utilized the polyol reduction method to 
prepare Ag nanostructures with a wide variety of sizes and shapes, including 
spheres, spheroids, tetrahedrals, octahedrals, and cubes.
39, 62, 63, 76-78
 Typically, 
poly (vinyl pyrrolidone) (PVP) and a metal precursor are injected into 
preheated polyol. In this method, PVP severs as the capping agent while 
polyol, such as ethylene glycol, 1,2-propylene glycol, or 1,5-pentanediol acts 
as both the reducing agent and solvent.
62, 76
 However, in the ethylene glycol 
system, the primary reducing agent is glycolaldehyde, which is formed when 
ethylene glycol is heated in the presence of oxygen.
79
 The nucleation and 
growth mechanisms are shown in Figure 1.4.
39, 62, 76, 80
 The fluctuating 
structures are formed at the initial stage of the reduction process. As the Ag 
clusters grow, they form one of the predominant structures: multiply twinned, 
singly twinned or single crystalline, and finally grow into nanostructures with 
different shapes (Figure 1.4). The morphologies of Ag nanostructures are 
dependent on the reaction conditions, but the most commonly obtained shapes 
are pentagonal wires, right bipyramids and cubes.  
 
Figure 1.4. The influence of initial seed structures on the final morphology of 
Ag nanostructures formed by using the polyol reduction method. Reproduced 
with permission from ref 76. Copyright 2007 American Chemical Society.  
 
Trace ions such as Clˉ or Brˉ can provide oxidative etching to influence 
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the relative proportions of the twinned structures, and thus its addition can be 
used to control the morphology of the final products.
39, 80
  
Since the polyol reduction method can achieve a high degree of control 
over the nucleation and Ag nanostructures by varying the reaction 
conditions,
39
 such as temperature, reagent concentration, and addition of  
trace ions, this method has received great interest in the recent years.  
The preparation of Au nanostructures by the polyol reduction method is 
different from that of Ag nanostructures.
81
 The ratio of Au precursor to PVP 
strongly influences the morphology of Au nanostructures. Higher and lower 
concentrations of gold precursors used relative to that of PVP resulted in the 
formation of tetrahedras and icosahedras, respectively. When changing the 
reduction solvent from ethylene glycol to 1,5-pentanediol, a wide variety of 
Au nanostructures, such as octahedra, truncated octahedra, cuboctahedron, 





 The possible reason is that 1,5-pentanediol has a higher 
boiling point and thus single-crystalline products that are more uniform can be 
formed at the higher reaction temperature. 
1.1.2.3 Seed-mediated growth 
In the seed-mediated growth method, the nucleation and growth steps are 
separated, which is different from the methods discussed above. Thus, the size, 
aspect ratio, and shape of the resultant nanostructures can be fine tuned 
easily.
39, 64, 65
 As a result, this preparation method of metal nanostructures has 
become increasingly popular in recent years. 
The seed-mediated growth preparation can be mainly divided to two 
categories: homogeneous and heterogeneous growth. In the homogeneous 
growth process, the composition of seeds is the same metal as that of the 
deposited metal. This approach has been used to precisely control the size, 
shape and aspect ratio of metal nanostructures. Nanostructures which include 


















 have been successfully prepared using this method. Among them, Au 
nanorods are most commonly prepared.    
 
Figure 1.5. Scheme of the growth of Au nanorods by seed-mediated method in 
the (A) absence and (B) presence of Ag(I) ions. Reprinted with permission 
from ref 85. Copyright 2011 Elsevier.  
 
Murphy and El-Sayed developed the seed-mediated growth method for 
growing Au nanorods.
64, 84, 85, 89
 Small Au seeds are first prepared through the 
reduction of HAuCl4 by NaBH4 in an aqueous cetyltrimethylammonium 
bromide (CTAB) solution. After the formation of Au seeds, certain amount of 
the seed solution is added to the growth solution, which is an aqueous CTAB 
solution containing HAuCl4, HCl, ascorbic acid and AgNO3. In the growth 
solution, the Au(III) complex ions are reduced to Au(I) complex ions by 
ascorbic acid. The added Au seeds catalyze the subsequent reduction of Au(I) 
complex ions to form Au nanorods. The addition of AgNO3 controls the aspect 
ratio and improves the yield of the resulting Au nanorods.
64
 The detailed 
mechanism of the Ag(I) ions effect on the formation of Au nanorods is still 
unclear. A possible explanation is that Ag(I) ions bond selectively on the Au 
{110} surface to restrict the growth on {110} facets. Consequently, the Au 
atoms mainly deposited on the {100} facets lead to the one-dimensional 
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growth along the {100} direction, as shown in the Figure 1.5.
64, 85, 89
 Through 
carefully adjusting the growth conditions, such as surfactant, pH, temperature, 
and the amount of reagents, the morphology of Au nanorods can be tuned.
89-91
 
The size, shape or aspect ratio of Ag nanostructures can also be tailored 
by the seed-mediated growth method. For example, when single crystalline Ag 
seeds are used, nanocubes or nanooctahedrons can be formed by using 
different capping agents.
65
 As the citrate binds more strongly to Ag {111} than 
{100} facets, the growth rate at {100} facets are faster and eventually form the 
{111}-capped Ag nanooctahedrons.
92
 Conversely, PVP binds more strongly to 
the {100} facets, and leads to the formation of {100}-capped nanocubes.  
In the heterogeneous growth, the composition of metal seeds used is 
different. Using this approach, alloy, core-shell, and other complex 
nanostructers can be formed.
93-95
 Similar to the homogenous growth, the 
morphology of metal nanostructures can be finely tuned by adjusting the 
reaction conditions. A requirement of this approach is that the lattice constants 









 have been 
successfully prepared by this method. The different thickness of Ag coatings 
can be obtained by adjusting the amount of Ag reduced on the Au seeds.   
 
1.2 Two and Multi-Photon Excitation Photoluminescence 
1.2.1 Two-photon absorption and two-photon excitation 
photoluminescence of noble metal nanostructures 
1.2.1.1 Two-photon absorption 
When a molecule simultaneously absorbs two photons of suitable energy 
to be excited from ground state to a higher-lying state via an intermediate 
virtual state, two-photon excitation photoluminescence occurs, as shown in 
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Figure 1.6. The sum of the energies of the two absorbed photons is equal to the 
energy difference between the involved ground state and the higher-lying state 
of the molecule. Thus this process generates higher-energy emission under 
low-energy radiation, which means the wavelength of resulting emission is 




Figure 1.6. Jablonski energy diagram for one-photon and two-photon 
excitation. 
 
The theoretical concept of this two-photon absorption was first predicted 
by Maria Goppert-Mayer in 1931.
101
 The two-photon absorption induced 
luminescence of CaF2:Eu
2+
 crystal was first observed by Kaiser and Garret in 
1961 by using pulsed lasers with very high intensity, one year after the 
invention of the first laser device.
102
  
The two-photon spectra are usually different from one-photon spectra, 
even for the same material. This is due to differences in selection rules, 




Another difference between two-photon and one-photon absorption that 
should be noted is the relationship between the emission intensity and the 
                                                                             
12 
 
excitation light intensity. For the emission of two-photon absorption, the 
relationship is given by the equation below: 
 (1) 
Where  is the incident light intensity,  is the two-photon absorption 
coefficient, and  is the optical path length (thickness) of the sample.
100
 
When the concentration and thickness of the sample are small, and the 
incident light intensity is low, . As such, equation (1) reduces to:  
 (2) 
In this situation, the emission intensity is proportional to the square of the 
incident light intensity in two-photon absorption. However, in one-photon 
absorption, the emission intensity is directly proportional to the incident light 
intensity. 
As compared to one-photon absorption, two-photon absorption employs a 
near-IR excitation beam with longer wavelength, which results in significantly 
less scattering, since Rayleigh scattering cross section is proportional to (1/λ)4, 
where λ is the excitation wavelength.103 As a result, two-photon absorption 
can penetrate deeper into biological samples such as tissues and living animals. 
Furthermore, UV excitation will cause autofluorescence background. This 
problem, however, can be suppressed by two-photon excitation. Lastly, 
two-photon absorption is highly localized at the focal point. Thus, only the 
region at the focal point can be excited, leading to a great reduction of the 
spatial range of photobleaching.
100
 
Owing to the advantages discussed above, two-photon absorption has 





 two-photon confocal microscopy,
105
 three-dimensional data 
storage,
106
 and more. In addition, it has now become one of the most important 
tools for in vivo and in vitro studies, such as cell imaging,
107
 in vivo 





 and cancer diagnosis.
109
  
1.2.1.2 Two-photon excitation photoluminescence of noble metal 
nanostructures 
With the wide applications of two-photon absorption in the optical field, 
many classes of materials have been found to possess two-photon absorption 
activities. Some examples of these materials include π-conjugated organic 
molecules, conjugated polymers, porphyrins and related tetrapyrrolic 
compounds, nanoparticles, and more.
100
 In this section, the two-photon 
absorption activity of noble metal nanostructures is discussed.  
Since the intense interest in the applications of nanostructures, the 
nonlinear optical properties of noble metal nanoparticles have gained 
significant attention, especially the two-photon excitation which is important 
in biological imaging. 
When Au nanostructures are excited by the incident light, the absorption 
of two photons excites electrons from the d-band and the sp-band, creating 
electron-hole pairs. The recombination of these electron-hole pairs, which is 
known as the emission generation process, is greatly enhanced by the localized 
surface plasmon resonance of Au nanostructures in the NIR region, where it 
matches well with the excitation wavelength.
110-112
 Compared to the 
fluorescent dyes, the two-photon photoluminescence of metal nanostructures 
resists photobleaching.
113
 Thus the TPPL of metal nanostructures has great 
potential in biological applications.  
The two-photon excitation photoluminescence of noble metal nano- 
structures has attracted significant attention since Cheng et al. studied the 
two-photon luminescence (TPL) of Au nanorods.
108
 Au nanorods produced a 
strong TPL signal when they were excited at 830 nm on a far-field 
laser-scanning microscope. The resulting TPL signal from a single nanorod 
was 58 times brighter than the two-photon fluorescence signal from a 
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rhodamine molecule, and exhibited a cos
4
 dependence on excitation 
polarization. The TPL spectrum overlaps with the longitudinal plasmon band 
of Au nanorods, which indicates that the two-photon absorption cross section 
was enhanced by the plasmon resonance, and the corresponding two-photon 
absorption cross section was 2320 GM. From then on, numerous reports on the 
biological imaging using Au nanorods have emerged.
107, 114-116
 Au nanorods as 
a two-photon absorption material have received particular interest because 
their longitudinal plasmon bands located at the near-IR region (700-1100 nm), 
where the absorption of water and biological specimens are minimized. 
Additionally, the two-photon absorption cross section of Au nanorods is much 
larger than small organic molecules (1-100 GM), leading to more efficient 
two-photon imaging.
115
 Besides Au nanorods, other metal nanostructures such 
as Au nanocages have been used as two-photon absorption activity 
materials.
117
 Coupled metal nanostructures are also good two-photon 
absorption materials, and have gained an increasing amount of attention 
nowadays, which will be discussed in next section. 
1.2.2 Two and multi-photon excitation luminescence of upconversion 
nanoparticles  
Upconversion is a nonlinear optical process which involves the 
successive absorption of two or more photons via intermediate long-lived 
energy states, and the resulting emission is in a shorter wavelength than the 




1.2.2.1 Upconversion processes 
The upconversion processes proceeding by different mechanisms can be 
mainly divided into three classes: excited state absorption (ESA), energy 
transfer upconversion (ETU), and photon avalanche (PA).
119-121
 (Figure 1.7)  





Figure 1.7. Upconversion processes for lanthanide-doped crystals: (A) excited 
state absorption, (B) energy transfer upconversion, (C) photon avalanche. The 
dashed, and full arrows represent energy transfer and photon excitation, 
respectively. Reproduced with permission from ref 121. Copyright 2000 
Elsevier. 
 
ESA occurs when one single ion successively absorbs at least two 
photons of suitable energy (Figure 1.7 A). The first absorption process leads to 
the population of the metastable energy level E1 from the ground state G. The 
second absorption facilitates the ion from E1 to a higher energy level E2, 
eventually leading to the emissive transition E2→G.  
ETU is similar to ESA. Each ion absorbs one photon to populate the 
metastable energy level E1, but the population of a higher level E2 is 
promoted by the energy transfer which occurs between two neighboring ions 
thereafter (Figure 1.7 B). The donor ion relaxes back to ground state G, while 
the acceptor ion is promoted to higher energy level E2, followed by the E2→G 
optical transition. 
PA-induced upconversion process is based on an unusual mechanism and 
it only occurs at certain pump intensity. At first, the population of metastable 
energy level E1 by weak non-resonant GSA (Ground state absorption) occurs, 
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followed by a resonant ESA where one ion is promoted to energy level E2 
(Figure 1.7 C). A cross-relaxation energy transfer from the excited ion to a 
neighboring ion in its ground state occurs, leading to both ions populating the 
metastable level E1. Further cross-relaxation energy transfers exponentially 
increase the population of the energy level E2 by ESA, resulting in 
upconversion emission occurring as an avalanche process.
120, 121
  
Most upconversion processes are dominated by the first two mechanisms. 
All these mechanisms are based on the sequential absorption of two or more 
photons by the metastable, long-lived energy states. This sequential absorption 
promotes the ion to a high-lying excited state from which upconversion 
emission occurs. 
1.2.2.2 Upconversion nanoparticles 
Upconversion researches have been focused on bulk glass or crystalline 
materials in the past years,
122-124
 which limit the applications of upconversion 
to a large extent. As the nanoparticles area become prevalent, the 
upconversion of nanoparticles appear. With the development of a facile 
synthetic method for upconversion nanoparticles with uniform size and shape, 
upconversion nanoparticles have been widely used for various biological 
applications,
126
 due to their unique properties.  
Compared to other fluorescent materials, such as organic dyes or 
quantum dots, UCNPs display anti-Stokes emission upon low levels of 
irradiation in the near-IR region, giving rise to low detection capability 
through the avoidance of background autofluorescence. The narrow, tunable 
emission peaks, long lifetimes, and high photostability of upconversion 
nanoparticles also make them especially appealing compared to other 
materials.
120, 126
 These nanoparticles exhibit potential biological applications 
ranging from biosensing,
127





 to photodynamic therapy.
130
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Upconversion nanoparticles, which usually consist of a crystalline host 
and lanthanide dopants added to the host lattice in low concentrations, 
represent a class of materials capable of emitting in the visible range upon 
excitation with a near-IR source. The dopants usually form localized 
luminescent centers, and the host crystal provides a matrix to bring these 
centers into an optimal position. At least two types of lanthanide dopant ions 
(activator and sensitizer) are needed to make a material emit efficient 
luminescence. For sensitized luminescence, the dopant ion (called activator) is 
firstly promoted to a higher energy state via nonradiative energy transfer from 
another dopant ion (called sensitizer), followed by subsequent activator 
emission. In this process, activator is used to generate useful upconversion 





 as the activators, since their energy difference between each 
excited level and its lower-lying intermediate level is close enough to promote 
photon absorption and energy transfer involved in upconversion processes. In 
addition, they have relatively large energy gaps, resulting in low probabilities 
of non-radiative transitions among various excited levels of the ions.
120
 The 
efficient ETU process occurring between the sensitizer and activator can 
enhance upconversion luminescence efficiency, thus a sensitizer with 
sufficient absorption cross-section in NIR region is employed in upconversion 
materials. Yb
3+
 is usually served as an upconversion sensitizer, because the 
absorption cross-section of Yb
3+
 is larger than that of other lanthanide ions at 




F5/2 transition of Yb
3+
 is well resonant 
with many f–f transitions of lanthanide ions, thus promoting eﬃcient ETU 
process between Yb
3+
 to activator, as shown in Figure 1.8.
131
 The host 
materials of upconversion nanoparticles are required to have low lattice 
phonon energies in order to minimize non-radiative loss and maximize 
radiative emission. The most frequently used host crystals are fluorides and 
oxides, thus NaYF4 and Y2O3 are commonly used as host materials for 














 doped nanoparticles under 980 nm excitation. Full, dotted, dashed 
and curly arrows indicate radiative, nonradiative energy transfer, 
cross-relaxation and multiphonon relaxation processes, respectively. 
Reproduced with permission from ref 131. Copyright 2006 Elsevier. 
1.2.2.3 Synthetic strategies of upconversion nanoparticles 
A variety of synthetic strategies have been demonstrated to synthesize 





 and sol-gel 
processing.
136, 137
 The thermal decomposition synthetic strategy was used to 
synthesize the upconversion nanoparticles in this thesis, and will thus be 
discussed in this section.  
The thermal decomposition method has been proven to be effective in the 
synthesis of monodisperse upconversion nanoparticles with controllable size 
and shape in non-aqueous media. The thermal decomposition method was 
developed by Yan’s group to synthesize highly monodisperse LaF3 
nanoparticles,
132
 and was later extended to the synthesis of NaYF4 
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upconversion nanoparticles. In a typical synthesis, the lanthanide organic acid 
salts are dissolved in the high-boiling organic solvent with the assistance of 
surfactants, and these precursors are thermally decomposed at an elevated 
temperature.
133, 138, 139
 Lanthanide organic acid salts, such as trifluoroacetate, 
acetonacetate, oleate and acetate are commonly used in this synthesis. Due to 
its high-boiling point (315
o
C), octadecene is usually used as the solvent. The 
most frequently used surfactants are oleic acid and oleylamine, because they 
contain polar capping groups and long hydrocarbon chains. The dimension 
and morphology of upconversion nanoparticles can be precisely controlled by 
varying the reaction conditions, such as the ratio of reagents, the reaction 
temperature and time.  
 
1.3 Plasmon-Enhanced Photoluminescence  
In the 1940s, Purcell discovered that spontaneous emission could be 
modified through resonant coupling with the external electromagnetic field.
140
 
From then on, many efforts have been devoted to modify the electromagnetic 
field around emitting molecules.
141-144
 Various excitation modes generated by 
metal nanostructures, result in a strong field enhancement near the metal 
surface. The interactions of these localized electric fields with nearby 
fluorophores have been observed to induce remarkable effects on the optical 
properties of fluorophores.
141-146
 This phenomenon is referred as plasmon- 
enhanced luminescence (PEL). Recently, the two-photon photoluminescence 
of noble metal nanostructures is reported to be enhanced by the 
electromagnetic field amplification generated by coupling.
147-149
  
1.3.1 Plasmon-enhanced luminescence 
The large signal enhancement seen with SERS which was first discovered 
in 1970s, overshadowed the PEL phenomena.
145, 146
 Thus, intensive research 
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only started on PEL after Lakowicz and Geddes expanded the utilization of 
PEL.
141, 143, 144







combined with metals (Au or Ag) nanostructures exhibit PEL under various 
conditions. Enhancement or quenching of the luminescence can be 
manipulated by adjusting the distance between the fluorophores and metal 
nanostructures. Furthermore, the magnitude of luminescence enhancement is 
also affected by both morphology and geometrical arrangements of the metal 
nanostructures and fluorophores. Therefore, many studies have been done to 
optimize the conditions required to maximize PEL.  
The absorption of photons promotes the fluorophores from ground state 
(S0) to the excited state (S1). Following that the fluorophores return to the 
ground state via radiative decay (Γ) by emitting photons, or via nonradiative 
decay (knr) by generating heat. This process can be modified in the presence of 
the metallic nanostructures, which is shown in classical Jablonski diagram 
(Figure 1.9). The metal can interact with the excited fluorophores and alter the 
rate of radiative emission of fluorophores. In addition, the strong local electric 
field of metal can vary the electric field around fluorophores, leading to the 
increase of light absorbed by fluorophores. The separation distance between 
fluorophores and metal, as well as the relative enhancement factors of the 
radiative and nonradiative decay processes mainly determine the enhancement 
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EM  are the excitation without and with metal surface respectively. Γ and Γ M 
are the radiative decay rates of the fluorophore without and with metal surface. 
Reproduced with permission from ref 144. Copyright 2002 Elsevier. 
 
The luminescence of the fluorophores could be enhanced through the 
interaction with the metal surface by (a) increasing the radiative decay rate to 
increase luminescence quantum yield and/or (b) local field amplification to 
enhance the excitation efficiency. In (a), when the PEL is caused by an 
increase in the radiative decay rate, luminescence quantum yield increases, 
accompanied with a shortened luminescence lifetime of the fluorophores. On 
the other hand, in (b), the enhancement in excitation efficiency caused by the 
local field amplification may not lead to a change in luminescence quantum 
yield which may increase, decrease or remain unchanged, since the increase in 
EM mainly enhances the excitation efficiency. However, the PEL caused by 
either situation is believed to be a consequence of local field amplification, 
which is generated by the metal. PEL only occurs when the separation distance 
between the fluorophores and metal is optimal. Otherwise, energy transfer 
from the fluorophores to the metal surface occurs, giving rise to the quenching 
of luminescence when the separation distance is too short or when a separation 
spacer is absent. This is ascribed to the increase in nonradiative decay rates 
which results in a decrease in luminescence quantum yield. The effect of local 
field amplification gradually diminishes as the distance increases, and the 
luminescence remains unchanged when the separation distance is too large 
since the local field amplification effect can be neglected. Due to the 
competition of these three processes, both luminescence enhancement and 




1.3.2 Plasmon-enhanced upconversion luminescence 
The properties of upconversion nanoparticles, such as anti-stoke shift, no 
autofluorescence, high photostability, deep penetration, long lifetimes, tunable 
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sharp emission, render wide application of these nanoparticles in different 
fields, in particular, the field of biology.
120, 126
 Thus, plasmon-enhanced 
emission has been extended to upconversion materials recently. Nevertheless, 
most of the plasmon-enhanced upconversion luminescence studies have 
focused on the substrates,
158, 162 
or rare earth element imbedded in 
glasses,
168-170
 which are difficult to employ in biological systems such as cells.  
A landmark work on the plasmon-enhanced upconversion luminescence 
was reported by Stucky and co-workers.
159
 Both enhancement and quenching 
of upconversion luminescence were obtained by fabricating the uniform 
Ag@SiO2@Y2O3:Er core-shell nanostructures with different thicknesses of 
SiO2 as spacer. The luminescence was quenched when the SiO2 spacer was 
thin.
 
However, at the optimal distance of 30 nm, the upconversion 
luminescence was significantly enhanced. This enhancement was ascribed to 
the enhanced radiative rate of the upconversion nanoparticles induced by the 
strong Ag plasmon resonance scattering. The distance dependence was caused 
by a competition between the enhancement and quenching. Furthermore, the 
upconversion emission enhancement was also found to be dependent on the 
size of silver nanoparticles. This work was the first report to investigate the 
plasmon-enhanced upconversion luminescence in solution, and successfully 
developed the nanostructures for the bioimaging application. Since then, some 
reports on the luminescence enhancement of upconversion nanoparticles by 
metal nanostructures have emerged.
129, 160-162 
 
The separation distance between upconversion nanoparticles and the 
metal nanostructures plays a highly important role in the plasmon-enhanced 
upconversion luminescence systems. SiO2 is commonly used as spacer in the 
plasmon-enhanced luminescence systems, as it is easy to be functionalized and 





 and quantum dots.
171
 In addition, the 
thickness of SiO2 spacer is tunable in a wide range from several nanometers to 





 thus facilitating the systematic research on the 





 and more, have been employed as the separation spacer for 
enhanced luminescence observations. 
The size and shape of metal nanostructures also influence the plasmon- 
enhanced upconversion luminescence systems. Metal nanostructures with 
large scattering cross-section will increase the luminescence efficiency, since 
smaller nanostructures can effectively absorb fluorophore luminescence while 
larger nanostructures scatter it.
166
 This was verified by Yan and co-workers 
when they assembled different sizes and shapes of Au or Ag nanostructures, as 
well as NaYF4:Yb,Er nanoparticles on a substrate to achieve plasmon- 
enhanced upconversion luminescence.
158
 Enhanced luminescence was 
observed from Ag nanowires and islands with larger sizes, whereas smaller Ag 
and Au nanoparticles did not show any luminescence enhancement. However, 
the SPR bands of Ag nanowires and islands did not overlap with the 
absorption or emission spectra of the upconversion nanoparticles. A possible 
explanation is that the enhancement was ascribed to the size of Ag nanowires 
and islands that induced different scattering efficiencies.   
The plasmon-enhanced upconversion luminescence systems will also be 
influenced by the types of metal nanostructures used. Kagan and co-workers 
recently studied plasmon-enhanced upconversion luminescence by fabricating 
a metal-oxide-UCNPs trilayered structure.
162
 The luminescence enhancement 
was found to be strongly dependent on thickness of the oxide spacer layer and 
the type of metal nanoparticles used. The enhancements of up to 5.2-fold with 
Au nanoparticles and up to 45-fold with Ag nanoparticles were obtained at the 
optimal separation distance, which was consistent with the stronger plasmonic 
resonance in Ag nanoparticles. 
Plasmon-enhanced upconversion luminescence possesses the capability 
of amplifying intrinsic luminescence and increasing quantum yields, as well as 
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shortening excited state lifetimes. It has been utilized in biological 




 and in vivo imaging.
163
 
In addition, it has great potential in developing multifunctional materials.  
1.3.3 Plasmon-coupling enhanced two-photon photoluminescence  
1.3.3.1 Coupling between surface plasmons 
When individual noble metal nanostructures come into close proximity to 
each other with the assistance of molecules, such as NaCl, or molecular linkers, 
such as thiols, a dramatic color change is easily observed. For instance, a 
red-to-blue color change can be observed in the Au nanoparticles aggregation 
process. This aggregation is accompanied with the formation of a new and 
red-shifted peak from the absorption peak of the isolated metal nanoparticles 
in the optical spectrum. To simply describe this interaction, in two adjacent 
metallic nanospheres systems, new relative red-shifted and blue-shifted 
resonances are formed. The strong red-shifted absorption in the optical 
spectrum is resulting from the lower-energy resonance, which corresponds to 
two longitudinally aligned dipoles. For the higher-energy resonance, a 
resonance with a zero net dipole moment appears as the coupled dipoles 
cancel each other. This results in no interaction with incident light, and thus, 
no optical absorption appears.
44
  
Halas and co-workers developed a hybridization model to describe the 
plasmon response of complex metal nanostructures of arbitrary shape, as 
shown in Figure 1.10.
172
 The plasmon response of nanoshells can be 
considered as an interaction between the plasmon responses of a solid metallic 
sphere and that of a cavity. The thickness of metal nanoshell layer controls the 
strength of the interaction between the sphere and cavity plasmons. After this 
interaction, lower-energy bonding and higher-energy antibonding hybridized 
plasmon modes are formed. The lower-energy bonding mode has a symmetric 
charge distribution which results in a strong induced dipole for this lower 
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energy mode, making this bonding mode become the bright mode of the two 
hybridized plasmons. Conversely, the higher-energy antibonding mode has an 
antisymmetric charge distribution with a much smaller dipole moment and is 
therefore a dark mode.
44, 172
 The hybridization model later has been developed 
to understand and predict the resonance properties of coupled plasmons in 




Figure 1.10. An energy-level diagram describs the plasmon hybridization in 
metal nanoshells. The two nanoshell plasmons are an antibonding coupled ω+ 
plasmon mode and a bonding coupled ω- plasmon mode. Reprinted with 
permission from ref 172. Copyright 2003 American Association for the 
Advancement of Science. 
 
The color change caused by the metal nanostructures provides exciting 
opportunities for sensitive biosensing, and has already been utilized in a wide 
range of assays and detections.
174-176
 Furthermore, the coupled metal 





 when they are excited by incident light. Thus, coupled 
metal nanostructures have great potential to be developed into multifunctional 
materials. 
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1.3.3.2 Plasmon-coupling enhanced two-photon photoluminescence 
The plasmon coupling not only causes spectral shifts but also large 
electromagnetic field enhancements.
44
 Upon excitation by incident light of the 
appropriate polarization, the junction of the coupling metal nanostructures, 
known as hot spots, can produce highly intense and localized electromagnetic 
ﬁeld.44, 90, 178 The coupling of the metal nanostructures is responsible for the 
electromagnetic field enhancement. This electromagnetic field enhancement 
resulting from the metal coupling has been employed to enhance optical 







 and two-photon photoluminescence.
147, 179
 Metal-coupling 
enhanced two-photon photoluminescence will be introduced in this section.  
Misawa and co-workers observed that photoluminescence occurred when 
the gaps between Au nanoblocks were small, due to the plasmonic near-field 
enhancement associated with collective plasmon modes of the cluster.
179
 In 
addition, the two-photon photoluminescence intensity could also be tuned by 
controlling the gap distances. Since then, few reports have focused on the 
plasmon-coupling enhanced two-photon photoluminescence.
147-149, 180, 181
  
Besides the separation distance effect, the size of metal nanostructures will 
also influence the plasmon-coupling enhanced TPPL. Our group 
systematically investigated effect of particles size on plasmon-coupling 
enhanced two-photon excitation photoluminescence by preparing different 
sizes of Au and Ag nanospheres.
180
 After plasmon coupling, the two-photon 
excitation photoluminescence enhancement factor was found to ﬁrst increase 
and then decrease with increasing particle size for both Au and Ag 
nanospheres. This can be attributed to the size-dependent electric ﬁeld 
enhancement and the change in extinction at the excitation wavelength.  
In another recent work done by our group, a huge enhancement in TPPL 
of Au nanospheres aggregates was revealed by single-particle spectroscopy.
147
 
The TPPL intensity of Au nanospheres aggregates was found to increase from 
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monomer to trimer, and the highest enhancement of 1.2×10
5
 folds was 
obtained for the linear trimer. The TPPL was believed to be correlated with 
plasmon resonance, since the TPPL spectra of these Au nanospheres dimers 
and trimers were found to closely resemble to the corresponding scattering 
spectra. The polarization dependences of the scattering and TPPL spectra of 
Au nanospheres dimers and linear trimers are very similar to Au nanorods, 
suggesting the two-photon excitations of dimers and linear trimers are strongly 
coupled to their longitudinal plasmon resonance modes. Fundamental 
understanding of the plasmon-coupling enhanced TPPL mechanisms was 
provided in this work. 
The plasmon-coupling enhanced TPPL can be mainly ascribed to two 
diﬀerent aspects: firstly, the formation of a strong longitudinal band that is 
resonant with the excitation wavelength when the plasmon coupling occurs, 
providing an intermediate state that greatly facilitates two-photon excitation 
processes.
147, 182
 In addition, the local electric field enhancement around the 




As discussed in section 1.2.1.1, the two-photon absorption technique has 
many advantages, such as deep penetration and excitation in near IR region, 
which is exceptionally suitable to be utilized in bioapplications. The strong 
two-photon photoluminescence can be generated by plasmon coupling, which 
makes the coupled metal nanostructures a good two-photon absorption activity 
material. As many biological molecules or specimens can induce the coupling 
of metal nanostructures, the plasmon-coupled enhanced TPPL is expected to 
be employed in many new applications, such as two-photon biosensing and 
bioimaging. The plasmon-coupling enhanced TPPL has been applied to 
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1.4 Thesis Overview 
From the previous discussions, the optical properties of metal 
nanostructures are not only of fundamental importance, but also have great 
potential in a wide range of applications. My research focuses mainly on the 
plasmon-enhanced multi-photon photoluminescence. In this thesis, I prepared 
different metal-based nanostructures and studied the plasmon-enhanced effect 
on the photoluminescence of these nanostructures. Furthermore, I utilized 
these metal-based nanostructures for different applications, such as 
bioimaging, bisosensing. The outline of this thesis is given as follow. 
NaYF4:Yb,Er@SiO2@Ag core-shell nanocomposites were prepared to 
investigate metal-enhanced upconversion luminescence in Chapter 2. The 
effects of Ag NPs size and separation distances between Ag NPs and 
upconversion NPs on emission intensity were studied. The biological imaging 
capabilities of these nanocomposites were demonstrated using B16F0 cells. 
Chepter 3 discussed the effect of separation distance on the plasmon 
coupling enhanced two-photon photoluminescence (TPPL) of Au NPs with 
two different sizes by using double stranded DNA (dsDNA) as the coupling 
agents to fine-tune the separation distances between Au NPs. 
Utilization of Au nanospheres (Au NSs) as dual two-photon imaging and 
photothermal agents to image and kill bacterial pathogens was demonstrated in 
Chapter 4. The CTAC-capped cationic Au NSs were applied to aggregate on 
anionic Gram-positive and Gram-negative bacteria (S. aureus and E. coli). Au 
NSs aggregates produced a strong photoluminescence on both bacterial 
surfaces, allowing us to image these bacterial pathogens. In the meantime, the 
photothermal treatment of Au NSs modified bacteria was also studied.  
In Chapter 5, the influence of composition of metal nanoparticles 
(Au@Ag) on the plasmon-coupling enhanced TPPL was investigated. 
Furthermore, these Au@Ag nanoparticles were exploited to develop a 
two-photon photoluminescence turn-on sensing platform for detection of 
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cartap. Besides, the high TPPL intensity allowed the Au@Ag nanoparticles 
aggregates to image S. aureus bacterial pathogens. Due to the presence of 
antimicrobial Ag nanoshells, the antibacterial activity of Au@Ag nanoparticles 
was investigated.  
Finally, conclusions are given in Chapter 6. 
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Chapter 2. Plasmon Enhanced Upconversion Luminescence of 
NaYF4:Yb,Er@SiO2@Ag Core-shell Nanocomposites for Cell Imaging 
2.1 Introduction 
Lanthanide-doped upconversion nanoparticles are capable of emitting in 
the visible region upon excitation with a near-IR light source. These 
nanoparticles exhibit many potential applications including near-IR quantum 
counters, display technologies and biological imaging.
1-3
 Compared to other 
fluorescent materials such as organic dyes and quantum dots, upconversion 
nanoparticles display anti-Stokes emission that allows sensitive detection 
without interference from auto-fluorescence background. The near-IR 
excitation is coincident with the biological transparency window, which allows 
deep penetration into biological tissues.
4
 The narrow and tunable emission 
bands, long emission lifetimes, and high photostability of upconversion 
nanoparticles make them appealing compared to other materials.
5-8
 However, 
upconversion nanoparticles generally suffer from low emission efficiency due 
to structural defects and dipole forbidden transitions. The small absorption 




A few efforts have been made to increase the excitation and emission 
efficiency of upconversion nanoparticles.
9-22
 One approach is to introduce 
metal nanoparticles such as Ag and Au. The presence of these noble metal 
nanoparticles are known to enhance excitation rates through local field 
amplification and increase emission efficiency by enhanced radiative decay 
rates, both of which contribute to an overall increase in emission 
intensities.
23-26
 Metal-enhanced fluorescence of organic dyes
27-31
 and quantum 
dots
32-34
 has been extensively studied. This strategy has also been extended to 
 38 
 
enhance the luminescence of upconversion nanoparticles.
10
 However, most of 
the previous studies were focused on nanoparticles on the substrates,
9, 12, 13
 or 
rare earth element imbedded in glasses,
11
 which are difficult to be employed in 
biological systems such as cells. Solution-based nanocomposites are important 
for bio-imaging and nanophotonic applications. Although there are some 
previous reports on core-shell nanocomposites containing upconversion 
nanoparticles and gold nanoparticles,
14-22
 most of these nanocomposites 
displayed quenching of the upconversion luminescence by Au 
nanoparticles.
14-17
 Among the very few reports on solution based 
metal-enhanced luminescence of upconversion nanoparticles,
 19-22
 the 
enhancement factors are still quite limited. A maximum of 4-fold enhancement 
of upconversion luminescence has been recently reported for 
Ag@SiO2@Y2O3:Er core-shell nanostructures.
20
 In another recent report, up 
to 3.3-fold enhancement was achieved by using gold nanoshells.
22
 A 
systematical investigation is thus necessary to achieve optimum emission 
enhancement. 
In this study, NaYF4:Yb,Er@SiO2@Ag core-shell nanocomposites with 
different SiO2 shell thickness were prepared to systematically investigate 
distance dependent metal enhanced emission of upconversion nanoparticles. 
Two sizes (15 and 30 nm) of Ag NPs were used. The distance between the 
core NaYF4:Yb,Er nanoparticles and the outer layer of Ag NPs were adjusted 
by changing the thickness of the SiO2 spacer. A maximum upconversion 
luminescence enhancement of 14.4-fold was observed at a separation distance 
of 10 nm when Ag NPs with diameter of 15 nm were used. The Ag NPs coated 
nanocomposites were further modified with DNA to improve their 
biocompatibility. The bioimaging capabilities of these nanocomposites were 






YCl3·6H2O (99.99%) YbCl3·6H2O (99.99%), ErCl3·6H2O (99.99%), 
oleic acid (90%), octadecene (90%), tetraethyl orthosilicate (TEOS, >99%), 
CO-520 (average molecular weight of 441), sodium hydroxide (≥98%), 
ammonium fluoride (≥98%), 3-mercaptopropyl-triethoxysilane (MPS, ≥80%), 
silver nitrate (≥98%), ethylene glycol (≥99%), and ethanolamine (≥99%) were 
purchased from Sigma-Aldrich. All the chemicals were used as received 
without further purification. 
2.2.2 Synthesis of NaYF4:Yb,Er nanoparticles 
NaYF4:18%Yb,2%Er nanoparticles were synthesized according to a 
previously reported method.
6
 In a typical procedure, 0.8 mmol of YCl3, 0.18 
mmol of YbCl3 and 0.02 mmol of ErCl3 were mixed with 12 mL of oleic acid 
and 15 mL of octadecene. The solution was heated to 160°C under vigorous 
stirring to form a homogeneous solution and then cooled to room temperature. 
10 mL methanol solution of NaOH (2.5 mmol) and NH4F (4 mmol) were 
slowly added into the flask and stirred for 30 min. The solution was then 
slowly heated to remove methanol, degassed at 100°C for 10 min, followed by 
heating at 300°C for 1 h under argon protection. After the solution was cooled 
naturally, the nanoparticles were precipitated from the solution with acetone 






2.2.3 Synthesis of silica-coated NaYF4:Yb,Er nanoparticles 
0.1 mL of CO-520, 6 mL of cyclohexane and 4 mL of 10 mM 
NaYF4:Yb,Er nanoparticles solution in cyclohexane were mixed and stirred 
for 10 min. 0.4 mL of CO-520 and 0.08 mL of 30 wt% ammonia were then 
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added and the container was sealed and sonicated for 20 min until a 
transparent emulsion was formed. 0.04 mL of TEOS was then added into the 
solution. The solution was stirred for 48 h at a speed of 600 rpm. 
NaYF4:Yb,Er@SiO2 nanoparticles were precipitated by adding acetone, and 
washed with ethanol/water (1:1 v/v) twice and then re-dispersed in 6.0 mL of 
ethanol. The obtained thickness of silica coated outside is ~20 nm. 0.005 mL, 
0.02 mL, 0.06 mL of TEOS were used to obtain the ~3 nm, ~10 nm, ~30 nm 
silica coated on the NaYF4:Yb,Er nanoparticles. 
2.2.4 Synthesis of NaYF4:Yb,Er@SiO2@Ag nanocomposites 
1.0 mL of silica coated NaYF4:Yb,Er nanoparticles were added into 4.5 
mL of 1.5% w/w MPS in ethanol, and stirred for 20 h at 25 °C. The 
thiol-modified upconversion nanoparticles were centrifuged and washed with 
ethanol twice to remove the excess MPS. The thiol-modified upconversion 
nanoparticles were re-dispersed in 3.0 mL of 1.0 mM AgNO3 (ethylene glycol) 
solution, followed by adding 60 μL of 100 mM ethanolamine (ethylene glycol) 
solution. The resulting solution was stirred for 1 h at a speed of 200 rpm at 
25 °C. The obtained nanoparticles were centrifuged and washed with ethanol 
and water several times, and re-dispersed in 3.0 mL of water for use. 
2.2.5 Synthesis of DNA modified NaYF4:Yb,Er@SiO2@Ag 
nanocomposites 
5.0 mL of NaYF4:Yb,Er@SiO2@Ag nanocomposites solution in PBS 
buffer (10 mM, pH=7.4), 10 μL of 400 nM DNA-SH 
(TCCATGCAACTCTA12-SH) were mixed and stirred overnight. The 
DNA-modified nanocomposites were centrifuged and washed with water 
twice to remove the excess DNA, and then re-dispersed in 3.0 mL of water. 
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2.2.6 MTS assay 
B16F0 cells were first collected and seeded into 96-well plates (70,000 
cells per well). After being cultured for 24 h, the NaYF4:Yb,Er@SiO2@Ag 
nanocomposites with different concentrations (50, 100, 200, 400 µg/mL) were 
added into the cells. Cells without nanoparticles were chosen as the controls. 
The cells were incubated at 37 °C for 24 h and then washed to remove the 
unbound nanoparticles. The cell viability was tested by using the MTS 
([3-(4,5-dimethylthiazol-2-yl)- 5-(3-carboxymethoxyphenyl)-2-(4-sulfopheny- 
l)-2H-tetrazolium, inner salt]) assay and expressed as a percentage of the 
control. 
2.2.7 Characterizations 
TEM images were taken using a JEOL 2010 transmission electron 
microscope operating at an acceleration voltage of 200 kV. UV-Vis extinction 
spectra were recorded on a Shimadzu UV2450 Spectrometer. The dynamic 
light scattering experiments were performed on a Malvern Nanosizer ZS. The 
upconversion luminescence was measured by using a 980 nm diode laser with 
an average power of 400 mW as the excitation source. The emission signal 
was directed into a CCD (Princeton Instruments, Pixis 100B) coupled 
monochromator (Acton, Spectra Pro 2300i) by using an optical fiber. A 750 
nm short pass filter was placed before the monochromator to minimize the 
light scattering from the excitation beam.  
2.2.8 Cell imaging 
B16F0 cells were plated 24 h before incubation with the nanocomposites 
(50 µg/mL) for 24 h at 37
o
C in a humidified, 5% CO2 atmosphere. The culture 
medium containing unbound and non-internalized nanocomposites were then 
discarded and the cells were washed twice with fresh culture medium. The 
nanocomposites containing cells were immersed in 4% paraformaldehyde for 
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10 min at room temperature before washing twice with PBS buffer. The nuclei 
and cell membrane were then counterstained with 4′,6-diamidino- 
2-phenylindole (DAPI) and concanavalin A (Con A) respectively for 15 min at 
room temperature followed by washing with the PBS buffer twice. 
Upconversion luminescence imaging, DAPI imaging, Con A imaging were 
performed on a Nikon 80i fluorescence microscope equipped with a 980 nm 
diode laser. The laser power is 500 mW and the objective is 40x. 
 
2.3 Results and Discussion 
 
Scheme 2.1. Synthesis of NaYF4:Yb,Er@SiO2@Ag nanocomposites. 
 
The stepwise preparation of NaYF4:Yb,Er@SiO2@Ag core-shell 
nanocomposites is shown in Scheme 2.1. NaYF4:Yb,Er nanoparticles with an 
average diameter of 45±2 nm (Figure 2.1A) were first prepared by following a 
previously reported procedure.
6
 The NaYF4:Yb,Er nanoparticles were then 
coated with a silica shell of controllable thickness using a reverse 
microemulsion method.
6
 This reverse microemulsion method gave a uniform 
silica coating around the NaYF4:Yb,Er nanoparticles (Figure 2.1B). The 
hydrophobic upconversion nanoparticles became hydrophilic upon the silica 
coating, which allowed the growth of Ag NPs on the outer-shell in the aqueous 
phase.
35
 In addition, the silica shell acted as a spacer between the 
upconversion nanoparticles and Ag NPs to prevent direct contact between 
these two entities. Direct contact between the upconversion nanoparticles and 
Ag NPs was known to quench the luminescence of the upconversion 
nanoparticles.
20, 24, 25, 27
 The distance between NaYF4:Yb,Er nanoparticles and 
Ag NPs could be adjusted by controlling the thickness of the spacer to achieve 
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maximum luminescence enhancement by changing the spacer thickness. The 
thicknesses (3, 10, 20 and 30 nm) of the silica shell were well controlled with 
small variations: 2.99±0.36 nm, 9.57±0.71 nm, 20.13±0.63 nm, 29.32±0.71 




































Figure 2.1. TEM images of (A) NaYF4:Yb,Er nanoparticles, (B) 
NaYF4:Yb,Er@SiO2(10 nm) nanoparticles, (C,D) NaYF4:Yb,Er@SiO2(10 
nm)@Ag nanocomposites with two different sizes of Ag NPs (15 and 30 nm), 






Figure 2.2. TEM images of  (A) NaYF4:Yb,Er@SiO2(3 nm)@Ag(15 nm), (B) 
NaYF4:Yb,Er@SiO2(10 nm)@Ag(15 nm), (C) NaYF4:Yb,Er@SiO2 (20 
nm)@Ag(15 nm), (D) NaYF4:Yb,Er@SiO2(30 nm)@Ag(15 nm), (E) 
NaYF4:Yb,Er@SiO2(3 nm)@Ag(30 nm), (F) NaYF4:Yb,Er@SiO2(10 
nm)@Ag(30 nm), (G) NaYF4:Yb,Er@SiO2(20 nm)@Ag(30 nm), and (H) 
NaYF4:Yb,Er@SiO2(20 nm)@Ag(30 nm) nanocomposites. 
 

























































































Figure 2.3. Size-distributions of the different silica thickness based on the size 
analysis of over 200 particles from TEM images: (A) NaYF4:Yb,Er@SiO2 (~3 
nm); (B) NaYF4:Yb,Er@SiO2(~10 nm); (C) NaYF4:Yb,Er@SiO2(~20 nm); (D) 
NaYF4:Yb,Er@SiO2 (~30 nm). 
 
In order to introduce Ag NPs into the nanocomposites, 
NaYF4:Yb,Er@SiO2 nanoparticles were functionalized with thiol groups using 
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MPS and then dispersed in ethanol. Ag NPs were grown onto the surface of 
NaYF4:Yb,Er@SiO2 nanoparticles through reduction of Ag ions by 
ethanolamine in ethylene glycol at the room temperature. The amount of 
coated Ag NPs was controlled by adjusting the concentration of AgNO3 
solution during the reduction process. The number and size of Ag NPs grown 
on the surface of NaYF4:Yb,Er@SiO2 were found to increase with the 
concentration of AgNO3. NaYF4:Yb,Er@SiO2@Ag nanocomposites with two 
different sizes of Ag NPs (15 and 30 nm) were prepared by using 0.5 and 1.0 
mM of AgNO3 ethylene glycol solution respectively. Their typical TEM 
images and distribution histograms are shown in Figures 2.1C-D, 2.2, 2.4 and 
2.5. Figure 2.6 shows the XRD result of NaYF4:Yb,Er@SiO2@Ag 
nanocomposites. The peak positions and intensities of the nanocomposites 
agree well with the calculated values for NaYF4:Yb,Er (JCPDS.No.28-1192) 
and Ag (JCPDS.No.04-0783). The extinction spectrum of NaYF4:Yb,Er@ 
SiO2@Ag with 15 nm Ag NPs (Figure 2.1E) displays a peak at ~400 nm, 
corresponding to the SPR band of Ag NPs. A slight red-shift and broadening 
of the plasmon resonance band were observed for nanocomposites coated with 
larger Ag NPs (with diameters of ~30 nm). The density of Ag nanoparticles on 
the nanocomposites with the same size of Ag nanoparticles but different 
separation distances were carefully controlled to be nearly identical, which 
were confirmed by TEM images and nearly identical UV-Vis extinction 
spectra of the nanocomposites (Figures 2.2&2.7). 
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Figure 2.4. Size-distributions of the Ag nanoparticles on the surface of 
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NaYF4:Yb,Er@SiO2 nanoparticles based on the size analysis of over 200 







Figure 2.5. (A) High-magnification and (B) high-resolution TEM images of 
NaYF4:Yb,Er@SiO2(10 nm)@Ag(30 nm) nanocomposites. 
 



















































































































































































Figure 2.6. XRD result of NaYF4:Yb,Er@SiO2(10 nm)@Ag(30 nm) 
nanocomposites. 
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Figure 2.7. The UV-Vis extinction spectra of (A) NaYF4:Yb,Er@SiO2@Ag 





The upconversion luminescence of the nanocomposites was measured by 
using a 980 nm CW diode laser with an average power of 400 mW as the 
excitation source. These upconversion nanocomposites displayed two 










I15/2 transitions respectively. The coating of silica 
and Ag NPs did not alter the peak position and spectra shape of the 
upconversion luminescence. However, the emission intensity of the 
nanocomposites was found to be strongly modulated by the presence of Ag 
NPs. The extent of modulation depended on the separation distance between 
NaYF4:Yb,Er and Ag NPs (Figures 2.8 and 2.9). The control was prepared by 
dispersing the NaYF4:Yb,Er@SiO2@Ag nanocomposites in H2O2 for 1 h to 
dissolve the Ag NPs. Figure 2.10 shows TEM images of NaYF4:Yb,Er@ 
SiO2@Ag nanocomposites before and after dissolving the Ag NPs. The 
emission properties of the control solution were similar to that of the same 
concentration of NaYF4:Yb,Er@SiO2, confirming that Ag NPs were 
completely removed in the control samples. For both 15 and 30 nm Ag NPs, 
the optimum luminescence enhancement occurs at the spacer thickness of 10 
nm. The optimum enhancement factor was 14.4 for emission band peaking at 
542 nm and 12.2 for emission band peaking at 656 nm when 15 nm Ag NPs 
was used as the outer shell (Figure 2.9A). When 30 nm Ag NPs was used, the 
optimum enhancement factor was 9.5 for emission at 542 nm and 10.8 for 
emission at 656 nm. Smaller enhancement factors in the upconversion 























































Figure 2.8. Emission spectra of (A) NaYF4:Yb,Er@SiO2(3 nm)@Ag(15 nm) 
and (B) NaYF4:Yb,Er@SiO2 (10 nm)@Ag (15 nm) nanocomposites. 
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Figure. 2.9. Distance dependent luminescence enhancement of the 
NaYF4:Yb,Er nanoparticles by Ag NPs of two different sizes: (A) 15 nm and 
(B) 30 nm. 
 
100 nm 100 nm
(A) (B)
 
Figure 2.10. TEM images of NaYF4:Yb,Er@SiO2@Ag core-shell 
nanocomposites (A) before and (B) after dissolving the Ag nanoparticles. 
 
The presence of noble metal nanoparticles has been known to modulate 
the fluorescence intensity of nearby chromophores.
23-26
 The extent of 
modulation depends on the separation distance between the metal 
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nanoparticles and chromophores. Three interactions between metal 
nanoparticles and chromophores could influence the emission intensities of the 
chromophores: a) local electric field amplification causes enhanced excitation 
efficiency thus increased emission intensity; b) the enhanced radiative decay 
rate causes increased quantum yield thus increased emission intensity; c) 
energy transfer from the chromophores to the non-emissive metal 
nanoparticles introduces an additional non-radiative deactivation channel, 
which reduces the emission intensity. In our current studies, the plasmon 
resonance band of the Ag NPs is far away from the excitation wavelength (980 
nm). The enhanced excitation efficiency is expected to play a negligible role. 
The observed separation distance dependent emission intensity is mainly due 
to the competition between changes in radiative and non-radiative decay rates. 
Both the radiative and non-radiative decay rates of the upconversion 
nanoparticles will be modulated by the presence of Ag NPs. Radiative decay 
rate will increase due to the coupling of plasmon resonance of metal 
nanoparticles and emission of the upconversion nanoparticles. The 
non-radiative decay rate will increase due to energy transfer from 
upconversion nanoparticles to metal nanoparticles. In the very close proximity, 
the non-radiative decay due to the energy transfer process takes a dominant 
role and cause less luminescence enhancement or even quenching. As the 
separation distance increases, both radiative decay and energy transfer 
processes will slow down compared to those under direct contact. However, 
the energy transfer rate decreases more rapidly compared to the radiative 
decay rates as the separation distance increases.
36
 The enhanced radiative 
decay rate will take a dominant role so that enhanced emission efficiency will 
be obtained. At very large separation distances, the radiative decay rate will 
not be affected and energy transfer process does not occur. The luminescence 
efficiency will not be affected by the presence of metal nanoparticles for very 
large separation distances. Consequently, as the separation distance increases, 
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the overall effect of the luminescence intensity will first increase, reach an 
optimum enhancement and then decrease to enhancement factor of 1. This is 
well consistent with the theoretical prediction.
36, 37
 
Based on the theory developed by Bharadwaj and Novotny
36
, the 
radiative decay rate (r) and energy transfer rate (abs) of a chromophore in 
proximity of metal surface depends on the separation distance between them. 
The separation distance dependence can be quantitatively described by  
                        eq.1 
              eq.2, 
where a is the particle radius and z is the separation distance. At direct contact 
between m chromophores and surface of metal nanoparticles, energy transfer 
rate (abs) is very large (inversely proportional to z
3 
according to eq 2). The 
non-radiative energy transfer is the dominant excited state deactivation 
channel, which will cause decreased emission efficiency. Energy transfer rate 
(abs) decreases rapidly as a function of z
-3
, as the separation distance z 
increases. However, radiative decay rate (r) only decreases mildly, for 
distance z smaller or comparable to the particle radius. The energy transfer 
rate will decrease more rapidly than the radiative decay rate as the separation 
distance increases. The quantum yield, QY=r /(r +bs), will increases to 
achieve emission enhancement as the separation distance increases. At very 
large separation distances, the radiative decay rate will not be affected and 
energy transfer process does not occur. The luminescence efficiency will not 
be affected by the presence of metal nanoparticles for very large separation 
distances. Consequently, the optimum enhancement occurs at some 
intermediate separation distance. The particle size dependent enhancement 
could also be understood using the above formulas. According to eq.1, the 
radiative decay rate (r) decreases less rapidly for particle with a larger radius 
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(a) as the separation distance z increases. This explains our observed relative 
milder separation distance dependent enhancement for 30 nm Ag nanoparticles 
in comparison with the 15 nm nanoparticles. 
We have also noted that dependence of the luminescence intensity on the 
separation distance is stronger for 15 nm Ag NPs compared to 30 nm. This 
could also be explained by the above mechanism. The radiative decay rate 
changes less rapidly with the separation distance between the chromophores 
and the surface of metal nanoparticles for larger metal nanoparticles compared 
to smaller nanoparticles.
36
 We also noted that a higher enhancement factor was 
also observed for the red emission band relative to the green emission band 
when larger nanoparticles were used. These results are not very conclusive so 
far and still under further investigation. 
The potential applications of these silver coated upconversion 
nanocomposites in biological imaging were demonstrated in B16F0 cells 
(Figure 2.11). The cells were incubated with the upconversion nanocomposites 
for 24 h. The biocompatibility of these nanocomposites was tested by using 
the MTS assay. Rather low cell viability was observed, indicating significant 
cytotoxicity of the prepared nanocomposites. The cytotoxicity of the prepared 
nanocomposites might be due to the ethanolamine-capped Ag NPs. To 
overcome this problem, DNA was used as the capping agent for Ag NPs 
instead, considering its better biocompatibility. Since DNA is negatively 
charged, it can effectively cover the positively charged Ag NPs to reduce its 
cytotoxicity. As shown in Figure 2.12, changing the surface capping agent to 
DNA has minor effects on the luminescence intensity of the upconversion 
nanocomposites. Figure 2.11 shows that cell viability was significantly 
improved for the DNA modified NaYF4:Yb,Er@SiO2@Ag nanocomposites 
compared to that of unmodified nanocomposites. The cell viability is still 
about 92% when the uptake of nanocomposites reached up to 400 g/mL. 
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Figure 2.11. Viability of cells incubated with NaYF4:Yb,Er@SiO2(10 nm)@ 
Ag(15 nm) nanocomposites before (red) and after (black) modification with 
DNA. 
 


























Figure 2.12. Emission spectra of NaYF4:Yb,Er@SiO2(10 nm)@Ag(15 nm) 
nanocomposites with and without modification with DNA. 
 
 
Figure 2.13. (A) Upconversion luminescence image of live B16F0 cells after 
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incubation with DNA-modified NaYF4:Yb,Er@SiO2(10 nm)@Ag(15 nm) 
nanocomposites (green), (B) and (C) are fluorescence images of the cells 
counterstained with DAPI (blue) and Concanavalin A (red) to show the 
nucleus and cell membranes, respectively. The merged images are shown in 
(D). (Scale bar: 20 µm) 
 
The images of live B16F0 cells after incubation with DNA-modified 
NaYF4:Yb,Er@SiO2(10 nm)@Ag(15 nm) nanocomposites were obtained by 
using confocal microscopy under excitation at 980-nm using a diode laser 
(Figure 2.13) with power of 500 mW. Strong luminescence of the silver coated 
upconversion nanocomposites was observed from the cells. Under similar 
experimental conditions, no luminescence was observed from the control cells 
without incubation with nanocomposites. The bright field images are shown in 
Figure 2.14. To determine the location of the nanocomposites, the cells were 
also counterstained with DAPI (blue) and Concanavalin A (red) to show the 
nucleus and cell membranes, respectively (Figure 2.13). The merged images 
showed that most of the nanocomposites (green) were inside the cells and 
localized at the cytoplasm (red) and the nucleus (blue). We have examined the 
cell viability before and after the cell imaging experiments (Figure 2.15), 
which remained nearly unchanged. The results demonstrated that the used 
excitation power is safe for cell imaging. Dynamic light scattering analysis of 
NaYF4:Yb,Er@SiO2@Ag nanocomposites (Figure 2.16) shows that these 
silver coated upconversion nanocomposites are well dispersed in the aqueous 
environment. They also showed high stability in the cell culture solution. The 
luminescence intensity decreased by only ~10% over a period of 7 days 
(Figure 2.17A). Dynamic light scattering measurements of the nanocomposites 
in the cell culture solutions indicated negligible changes in the sizes of the 





Figure 2.14. (A) Bright field imaging of live B16F0 cells after incubation with 
DNA-modified NaYF4:Yb,Er@SiO2(10 nm)@Ag(15 nm) nanocomposites, (B) 
Fluorescence of NaYF4:Yb,Er@SiO2(10 nm)@Ag(15 nm) nanocomposites 































Figure 2.16. DLS size distribution of NaYF4:Yb,Er@SiO2(10 nm)@Ag(15 
nm) nanocomposites in water. 
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Figure 2.17. Stability of luminescence intensity (A) and size changes (B) of 
the DNA modified NaYF4:Yb,Er@SiO2(10 nm)@Ag(15 nm) nanocomposites 
in the cell culture solution for 7 days. The results confirm that these DNA 
modified nanocomposites are quite stable. 
 
2.4 Conclusions 
Separation distance dependent upconversion luminescence enhancement 
significantly modulated by the presence of Ag NPs. The extent of modulation 
was found to be strongly dependent on the separation distance between Ag 
NPs and upconversion nanoparticles. The optimum upconversion 
luminescence enhancement was observed at a separation distance of 10 nm for 
Ag NPs with two different sizes (15 and 30 nm). The maximum upconversion 
luminescence enhancement factors of 14.4-fold and 10.8-fold were observed 
when 15 and 30 nm Ag NPs were used, respectively. The biocompatibility was 
improved by modifying the nanocomposites with DNA. The potential 
application of NaYF4:Yb,Er@SiO2@Ag core-shell nanocomposites as 
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biological imaging agents has been demonstrated by using B16F0 cells. 
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Chapter 3. DNA-Coupled Gold Nanoparticle Assemblies with Separation 
Distance Dependent Two-photon Photoluminescence 
3.1 Introduction 
Noble metal nanoparticles, such as gold and silver, have been widely 
utilized in various biological and optoelectronic applications such as 
biosensing, bioimaging, and phototherapy owing to their unique optical 
properties.
1-10
 In particular, metal nanoparticles display localized surface 
plasmon resonance (LSPR) resulting from collective oscillation of electrons in 
the conduction band.
11, 12
 Wavelength and intensity of the LSPR bands can be 
tuned by the particle size, shape, and dielectric properties of the surrounding 
medium as well as the plasmon coupling between the nanoparticles.
13-16
 
Plasmon coupling between neighbouring nanoparticles have been known to 
significantly enhance local electric field in the gap region.
17
 Such properties 
have been widely utilized to enhance various linear and nonlinear optical 
properties such as Surface-enhanced Raman scattering, fluorescence and 
two-photon photoluminescence (TPPL).
8, 9, 18-21
 Plasmon coupling enhanced 
TPPL has potential applications in bioimaging, biosensing and phototherapy 
due to unique advantages of two-photon excitation, such as deep tissue 
penetration and localized excitation volume.
22-24
 Gold nanoparticles (Au NPs) 
are attractive for biological applications due to their excellent chemical 
inertness and biocompatibility.
25, 26
 Plasmon coupling enhanced TPPL of Au 
NPs has been previously reported.
18, 26
 Schuck el al.
27
 previously utilized 
lithographically fabricated Au bowties with lengths ∼75  nm and gaps of tens 
of nm and achieve enhancement of >10
3
. Our recent work demonstrated TPPL 
enhancement of up to 10
5 





 The interparticle distance is expected to have significant 
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influence on the coupling strength and TPPL enhancement. However, there are 
very few studies on the influence of coupling distance on TPPL enhancement.  
Electron beam lithography
21, 27-29
 and molecular bridge materials
16, 25, 27, 
31-37
 are two typical methods to prepare nanostructures with precisely 
controlled interparticle separation distance. However, electron beam 
lithography technique is expensive, complicated, and can only prepare 
nanostructures with gap size of larger than 10 nm on the substrates. Molecular 
bridge materials, such as polymers, bridged ligands and DNA,
18, 23, 26, 30-36
 can 
be utilized to prepare colloid nanostructures with well-controlled and much 
smaller separation distance in solution. Among the various molecular bridge 
materials, DNA molecules are particularly attractive molecular bridge 




In this chapter, we report the preparation and TPPL properties of DNA 
coupled Au NP assemblies with well controlled interparticle separation 
distance from 2.0 to 12.2 nm. Au NP assemblies were prepared by 
hybridization of Au NPs modified with complementary ssDNA of different 
numbers of bases to form dsDNA of different strand lengths. Au NPs of two 
different sizes (21 and 41 nm) were utilized to systematically investigate the 





Gold(III) chloride trihydrate (HAuCl4·3H2O), sodium citrate were 
obtained from Sigma and used as received. Milli-Q water was used in the 
experiments. All the oligonucleotides were purchased from Sigma. The 
different oligonucleotides sequences, designed to control the separation 
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D1 strands hybridize 36 base pairs on their 5’ ends with the D2 strands, while 
D3 & D4, D5 & D6, D7 & D8, D9 & D10 hybridize 24, 18, 12, 6 base pairs 
respectively.  
3.2.2 Preparation of 20 nm gold nanoparticles.  
Au NPs were prepared through reducing HAuCl4 by sodium citrate.
33
 A 
reported procedure for obtaining the monodisperse 20 nm Au NPs was as 
follows. 507 μL of 10 mM HAuCl4 was added into 18.5 mL of Mili-Q water 
and this solution was heated to boiling. After adding 1 mL of 0.5 wt% sodium 
citrate, the solution turned pink in about 5 min. The resulting Au NPs had an 
average diameter of 20.6±1.5 nm, as obtained by transmission electron 
microscopy imaging. The concentration of Au NPs (2.82 x 10
-10
 M) was 
calculated by Beer-Lambert law. 
3.2.3 Preparation of 40 nm gold nanoparticles.  
40 nm Au NPs were prepared following the previous report.
31
 A 50 mL 
0.01 wt% HAuCl4 solution was heated up to 100
o
C. Then 0.5 mL of 1 wt% 
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sodium citrate solution was added, the resulting solution turned faintly blue in 
about 25s. The solution changed to brilliant red within 70 s, indicating the 
formation of monodisperse Au NPs. The solution was kept boiling for 30 min. 
Au NPs with an average diameter of 41.01±2.68 nm were obtained. The 
concentration of Au NPs was about 3.43 x 10
-11
 M. 
3.2.4 Preparation of oligonucleotides-modified gold nanoparticles. 
Before the modification of DNA on Au NPs, the alkylthiol functionalized 
oligonucleotides (ssDNA-SH, sequence D1-D10) were purified by using 
Nap-5 columns (GE Healthcare) to avoid the effect of DTT on Au NPs. In 
brief, a 500 μL aliquot of as-prepared aqueous solution Au NPs was mixed 
together with 50 μL of aqueous solution of 20 μM of thiol-modified 
oligonucleotides.
37
 This solution was left over 24 h for equilibration and then 
10 μL of pH 7.4 10x phosphate buffer saline (PBS) (1.37 M sodium chloride, 
100 mM phosphate) was added. 15 μL of 10x PBS was added twice at an 
interval of 4h for further equilibration. After at least 24 h equilibration, the 
solution was centrifuged at 12000 rpm for 20 min and then the supernatant 
was removed. The obtained precipitate was washed with pH 7.4 PBS buffer 
(137 mM sodium chloride, 10 mM phosphate) three times. The resulting 
ssDNA-Au NPs were redispersed into 250 μL of PBS buffer for TEM 
measurement and hybridization test.  
3.2.5 Hybridization of DNA-modified gold nanoparticles. 
The 25 μL as-prepared complementary ssDNA D1-Au NPs and ssDNA 
D2-Au NPs in 450 μL hybridization buffer (685 mM sodium chloride, 50 mM 
phosphate, pH 7.4). The resulting solution was kept for 10 min. 
3.2.6 Instrumentations and characterizations. 
Ultraviolet-visible (UV-Vis) extinction spectra were taken using a 
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Shimadzu Model UV-2450 spectrophotometer. Transmission electron 
microscopy (TEM) images were measured by using a JEOL Model 2010 
transmission electron microscopy microscope. The dynamic light scattering 
experiments were performed on a Malvern Nanosizer ZS instrument. Avesta 
TiF-100M femtosecond (fs) Ti:sapphire oscillator was used as the excitation 
source in the two-photon excitation photoluminescence measurements. The 
central wavelength of output laser pulses (pulse duration = 80 fs; repetition 
rate = 84.5 MHz) is 820 nm, and the laser power is 100 mW. A lens with a 
focus length of 3.0 cm was used to focus laser beam onto the samples. In order 
to minimize the scattering, the emission was collected at an angle of 90
o
 to the 
direction of the excitation beam and a 750 nm short pass filter was placed 
before the spectrometer. A CCD (Princeton Instruments, Model Pixis 100B) 
coupled monochromator (Acton, Model Spectra Pro 2300i) with an optical 
fiber was used to detect the emission signal.  
 
3.3 Results and Discussion 
Citrate-stabilized Au NPs were prepared following a previously reported 
method.
30, 32
 The obtained Au NPs are uniform with average diameter of 
20.6±1.5 nm and LSPR band maximum at ~520 nm (Figure 3.1). 
Thiol-modified ssDNA molecules with different numbers of bases (5 pairs: 36, 
24, 18, 12 and 6 bases) were utilized to functionalize the surface of Au NPs 
(the sequences of oligonucleotide strands are listed in ESI). The LSPR band of 
Au NPs displayed slight redshift after surface modification (Figure 3.2), 
which is due to the change in the refractive index of surface stabilizing agents.  
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Figure 3.1. (A) Photograph and (B) normalized extinction spectra of 21 nm 
Au NPs-dsDNA assemblies with different separation distances (1: 2.0 nm, 2: 
4.1 nm, 3: 6.1 nm, 4: 8.2 nm, 5: 12.2 nm, 6: isolated nanoparticles).  
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Figure 3.2. (A) TEM image of isolated 21 nm Au NPs. (B) Normalized 
extinction spectra of 21 nm Au NPs before and after modification of 
oligonucleotide. 
 
dsDNA coupled Au NP assemblies were prepared by hybridization of 
two equal amount of ss-DNA modified Au NP samples with complementary 
base sequences in the PBS buffer solution (50 mM, pH 7.4). The nanoparticle 
separation distance was controlled by the number of base pairs in dsDNA. 
Assuming the length of each base pair in the double stranded structure is ~0.34 





 five different separation distances (12.2, 8.2, 6.1, 4.1, 2.0 nm) were 
obtained (Figure 3.1). Obvious color changes were observed after 
hybridization of two complementary Au NP-ssDNA samples (Figure 3.1A). 
The LSPR band was found to become red-shifted and broadened upon the 
hybridization (Figure 3.1B). The extent of redshift increased as the 
interparticle separation distance decreased, consistent with the previous 
simulation results.
30
 The redshift was believed due to formation of a new 
plasmon coupling mode, which is sensitive to coupling strength. The coupling 
strength could be tuned by the interparticle distance. The broadening of LSPR 
band is due to the formation of nanoparticle assemblies with different sizes 
such as trimers, tetramers and even large assemblies. The formation of Au NP 
assembly was further confirmed by transmission electron microscopy (TEM) 











Figure 3.3. Dynamic light scattering (DLS) data of (A) Au NPs-ssDNA, (B-F) 
Au NPs-dsDNA assembly with different separation distance of 2.0, 4.1, 6.1, 
8.2, 12.2 nm, respectively. (G) TEM image of 21 nm Au NPs-dsDNA 
assembly. 
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Figure 3.4. (A) TPPL spectra and (B) enhancement factors of 21 nm Au 
NPs-dsDNA assembly with five different separation distances. 
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Coupled noble meal nanoparticles have been known to display 
significantly enhanced TPPL compared to un-coupled nanoparticles.
18, 23, 26, 33
 
The observed TPPL enhancement was attributed to enhanced two-photon 
excitation efficiency owing to formation of a new plasmon mode for 
resonance enhancement and enhanced local field at the excitation 
wavelength.
27, 33, 40, 41
 TPPL enhancement is expected to be strongly influenced 
by the coupling strength, which is dependent on the interparticle separation 
distance. To investigate the influence of interparticle separation distance, 
TPPL spectra of various dsDNA coupled Au NP assemblies were measured by 
using femtosecond laser pulses at 820 nm as the excitation source. Figure 3.4 
shows the TPPL spectra of dsDNA coupled Au NP assemblies with separation 
distance varying from 12.2 to 2.0 nm. The TPPL intensities of the dsDNA 
coupled Au NP assemblies were found to be significantly enhanced compared 
to that of unhybridized ssDNA modified Au NPs (Figure 3.4A). The TPPL 
enhancement factor increases rapidly as separation distance decreases (Figure 
3.4B). A maximal enhancement factor of up to 115-fold was obtained in the 
Au NPs aggregates with smallest separation distance here (2.0 nm). The 
enhancement factor drops to 4-fold for Au NP assembly with separation 
distance of 12.2 nm. The observation of larger enhancement at shorter 
separation distance can be understood in term of separation distance dependent 
coupling strength. The coupling strength is expected to be stronger at shorter 
separation distances.
28-30, 34
 A stronger coupling will result in a stronger 
extinction band at the excitation wavelength, which offers stronger resonance 
enhancement and stronger electric field enhancement at the excitation 
wavelength, consequently larger TPPL enhancement. 
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Figure 3.5. (A) TEM image of isolated 41 nm Au NPs. (B) Normalized 
extinction spectra of 41 nm Au NPs before and after modification of 
oligonucleotide. 
 
The local electric field enhancement of coupled metal nanoparticles has 
been known to depend on both the separation distance and nanoparticle size.
26, 
42
 We have also examined the particle size effects on TPPL properties of Au 
NP assembly by performing similar experiments using Au NPs with diameter 
of 41.0±2.7 nm and LSPR band maximum at 527 nm (see TEM images and 
extinction spectra in Figure 3.5). The extinction (Figure 3.6) and TPPL 
spectra (Figure 3.7A) of the 41 nm Au NPs-dsDNA assemblies displayed a 
similar trend compared to that of the 21 nm Au NPs-dsDNA assemblies. As 
the separation distance decreased, the LSPR band shifted to red and larger 
TPPL enhancement factor was observed. A maximum TPPL enhancement 
factor of up to was obtained at the separation distance of 2.0 nm, which is 
larger than that of 21 nm Au NP assembly (115-fold). The larger enhancement 
factor could be attributed to a stronger field enhancement in the coupling of 
NPs with a larger size.
43
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Figure 3.6. Normalized extinction spectra of 41 nm Au NPs-dsDNA assembly 
with different separation distances. 
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Figure 3.7. (A) TPPL spectra and (B) enhancement factors of 41 nm Au 
NPs-dsDNA assembly with five different separation distances. 
 
3.4 Conclusions 
In summary, we have prepared dsDNA coupled Au NPs assembly with 
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separation distance varying from 2.0 to 12.2 nm by using dsDNA of different 
numbers of base pairs. Red-shifted LSPR band and significantly enhanced 
TPPL intensities were observed at shorter separation distances. The largest 
TPPL enhancement factors are 115 and 265 at the shortest available separation 
distance of 2.0 nm for 21 and 41 nm Au NPs-dsDNA assemblies respectively. 
These findings provide important insight for fundamental understanding of 
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 Chapter 4. Plasmon-Coupling Gold Nanospheres for Two-Photon 
Excited Photoluminescence Imaging and Photoantimicrobial Activity 
4.1 Introduction 
With the emergence of multidrug-resistant bacteria such as 
Methicillin-resistant Staphylococcus aureus (MRSA) and Vancomycin- 
resistant Enterococcus (VRE), as well as the increased frequency of antibiotic 
resistance in many bacteria, hundreds of thousands of deaths result from the 
failure of antibiotic treatment annually.
1
 For example, MRSA as a leading 
cause of skin and soft tissue infections (SSTIs) which are one of most 
common infections makes SSTIs difficult to treat.
2, 3
 Even worse, substantial 
deaths of patients with diabetes are caused by SSTIs.
4
 Thus, new paradigms 
for anti-infective therapy are in great demand. Furthermore, the diagnosis of 
infections is also a challenge. For example, life-threatening osteomyelitis is 
common for diabetic patient with foot infection. It is difficult to detect beneath 
a diabetic foot ulcer using non-invasive imaging techniques due to the lack of 
an ideal radiopharmaceutical.
5, 6
 Therefore, new non-invasive techniques to 
diagnose and treat the bacterial infections in situ are urgently needed. 
Noble metal nanoparticles have attracted great interest because of their 
unique optical properties, especially localized surface plasmon resonance 
(LSPR) resulting from collective oscillation of electrons in the conduction 
band.
7, 8
 The LSPR band can be tuned by the particle size and shape, 
environmental dielectric properties as well as the interparticle coupling.
9-13
 
Plasmon coupling between metal nanoparticles can significantly enhance local 
electric field,
14-16
 which has been utilized to enhance various optical signals, 
including second-harmonic generation (SHG),
17





 and two-photon photoluminescence 





 In addition, great biocompatibility of Au NPs allows them to be 
no-invasive probes for detection and imaging purposes in vitro and in 
vivo.
24-27
   
Two-photon excitation techniques have unique advantages for biological 
applications. These advantages include high 3-dimensional spatial resolution, 
reduced photo-bleaching effects and deep penetration.
28
 TPPL have been 





 Gold nanorods (Au NRs) have been widely applied to cell 
imaging and tissue imaging in vitro and vivo because they can emit strong 
TPPL.
31, 32
 Although strong TPPL of Au NRs are advantageous for their 
applications in in-vivo applications,
31
 unattached Au NRs could act as strong 
background noise when present. Au NSs can act as alternative two-photon 
imaging agents. Un-aggregated Au NSs usually exhibit very weak TPPL 
signals while aggregated Au NSs display strong TPPL signals due to plasmon 
coupling. 
22, 23, 33
 Metal nanoparticles (such as Au NRs and Au NSs) tend to 
form aggregates in the biological environment. TPPL of Au NRs generally 
significantly decreases upon aggregation.34 As a result, Au NSs are good two-photon 
excitation imaging agents. In a recent work, the cationic monolayer-protected Au NSs has 
been reported to form aggregation on the surface of both Gram-positive and 
Gram-negative bacteria.35 The aggregation-induced TPPL enhancement could be 
utilized to develop a platform for bacterial imaging.  
Apart from acting as imaging contrast agent, Au NPs have been known as 
“light-directed nanoheaters” that transfer most of absorbed light to heat by 
nonradiative decay processes,
36-38
 resulting in a temperature increase ranging 
from ~10ºC to more than 100ºC upon different laser power, exposure time and 
concentration of Au NPs. The heat generated by Au NPs is sufficient to 
damage tumor cell, macrophage and bacterial pathogens by various 
mechanisms such as cellular membrane disruption, protein or enzyme 
denaturation, microthrombosis.
36, 37, 39-41
. Various Au NPs has been applied to 
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kill Gram-positive bacteria, Gram-negative bacteria, and even multidrug 
resistant bacteria by using photothermal treatment.
1, 40, 42, 43
 Cationic Au NPs 
which form aggregation pattern on bacterial cell wall
35
 could be an effective 
photothermal agent as an alternative to prevalent antibiotics. Therefore, the 
multidrug resistant bacteria could be also killed by using cationic Au NPs with 
photothermal treatment.   
Herein, we have utilized the aggregation enhanced TPPL phenomenon to 
apply cationic Au NSs to image Gram-positive bacteria Staphylococcus aureus 
(S. aureus) and Gram-negative bacteria Escherichia coli (E. coli), the first two 
most common pathogens which have been known responsible for nosocomial 
infections.
44
 Considering the photothermal effects of the coupled Au NSs, we 
demonstrated the potential of cationic Au NSs serving as dual two-photon 
imaging and photothermal agents to image and kill bacteria pathogens 
simultaneously under the excitation in NIR region for the first time.     
 
4.2 Experimental  
4.2.1 Materials 
Gold(III) chloride trihydrate (HAuCl4
.
3H2O, 99.9%), sodium borohydride 
(NaBH4), L-cysteine (Cys), hydrochloric acid (HCl) were purchased from 
Sigma-Aldrich. Trisodium citrate dehydrate (99%) was purchased from Fluka. 
Cetyltrimethylammonium chloride solution (CTAC, 25 wt % in water) and 
ascorbic acid were purchased from Alfa Aesar. All regents were of analytical 
grade and used as received without further purification. All aqueous solutions 
were prepared in deionized (DI) water. A LIVE/DEAD BacLight bacterial 
viability kit (L-7012) was purchased from Invitrogen. Commercial strains of S. 
aureus (ATCC No. 6538) and E. coli (ATCC No. 25922) were bought from 
ATCC (U.S.A). 
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4.2.2 Preparation of gold nanospheres 
Au NSs were prepared by using a four-step procedure, which is modified 
from a three-step protocol reported by Gole and Murphy.
45
 Au NSs seeds of 
3.5 nm in diameter were first prepared in the first step: 0.3 mL of 0.1 M 
freshly prepared ice-cold NaBH4 solution was added into a mixture of HAuCl4 
(0.25 mM) and citrate (0.25 mM) in 10 mL of DI water; the solution was 
stirred vigorously for 2 min and then kept at room temperature for 3 h. Au NSs 
with diameter of 8 nm were subsequently prepared: 45 mL of 0.08 M CTAC 
solution was mixed with HAuCl4 (1.125 mL, 0.01 M) and a freshly prepared 
ascorbic acid (0.25mL, 0.1 M) under gentle stirring; 5 mL of the resultant Au 
NSs seed solution prepared in the first step was subsequently added and the 
reaction mixture was stirred for 10 min. In the third step, 20 nm Au NSs were 
prepared by using the same protocol while 8 nm Au NSs were employed as the 
seeds. The obtained 20 nm Au NSs were kept at room temperature for 3 h 
before further usage. In the final step, 20 nm Au NSs were washed and 
re-dispersed in CTAC (0.08 M) solution. 2 mL of Au NSs were added into 8 
mL of CTAC (0.08 M) solution under magnetic stirring. 0.3 mL of 0.1 M 
ascorbic acid and 400 μL of 10 mM HAuCl4 were then added into the above 
mixture. The solution was heated to 60°C and maintained for 1 h. TEM images 
showed that the resultant Au NSs had an average diameter of 42.1±1.9 nm. 
4.2.3 Aggregation of gold nanospheres in solution    
Cysteine was employed to induce the aggregation of Au NSs in solution. 
The pH of the Au NS solution was first adjusted to ~2.3 by adding proper 
amount of 1.0 M HCl. Different amounts of cysteine solution were then added 
to 2.0 mL of Au NS solution to induce the assembly of Au NSs. The solution 
was kept at room temperature for 3 min before UV-Vis and TPPL 
measurements. 




UV-Vis extinction spectra were acquired on a Shimadzu UV-2450 
spectrophotometer. Transmission electron microscopy (TEM) images were 
taken by using a JEOL 2010 TEM microscope. The pH value was measured by 
using a MP220 pH meter. The zeta-potential was measured using a dynamic 
light scattering method on a Malvern Nanosizer ZS spectrometer. Scanning 
electron microscopy (SEM) images were obtained on a JEOL JSM-7400F 
field emission SEM microscope. The optical density of bacterial solution was 
recorded by a microplate reader (TECAN, Switzerland). 
4.2.5 TPPL spectra measured in solution  
TPPL spectra were measured by using an Avesta TiF-100M femtosecond 
(fs) Ti:sapphire oscillator as the excitation source, which gives output of 820 
nm laser pulses with pulse duration of 80 fs and repetition rate of 84.5 MHz. 
An 800 nm longpass filter was employed to clean the spectra of the excitation 
beam. The laser beam was focused onto the samples by using a lens with a 
focus length of 3.0 cm. The laser power before the samples was 100 mW. The 
emission was collected at the perpendicular direction of the excitation beam to 
minimize the scattering. The emission signals were filtered through a 750-nm 
shortpass filter, guided by an optical fiber, and then detected by a CCD 
(Princeton Instruments, Model Pixis 100B) that was coupled with a 
monochromator (Acton, Model Spectra Pro 2300i). 
4.2.6 Characterization of Au NSs aggregation on bacteria surfaces by 
scanning electron microscopy (SEM) 
Formation of Au NS aggregates on the bacterial surfaces was examined 
by using scanning electron microscopy (SEM). Briefly, bacteria (S. aureus or 
E. coli) were grown in Mueller Hinton Broth (MHB) overnight to reach 
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mid-logarithmic growth phase. Bacteria concentration of approximate 3×10
8
 
CFU/mL was obtained by adjusting the optical density reading to 0.07 at the 
wavelength of 600 nm. The resultant bacteria were then washed twice by 
centrifugation at 5000 rpm for 5 min and re-dispersed in DI water. 0.5 µL of 
Au NSs (5.46 nM) was added into 100 µL of bacteria solution and followed by 
incubation for 1 h at 37°C under gentle shaking. After incubation, bacteria 
solution with Au NSs was centrifuged at 1000rpm for 5 min. The pellet 
obtained after centrifugation was washed twice with DI water and followed by 
formaldehyde fixation. The fixed bacteria were dehydrated with a series of 
ethanol solution (25%, 50%, 75%, 95%, and 100%, 10 min each). Upon 
thorough dehydration, the samples were coated with platinum for SEM 
measurements.     
4.2.7 Two-photon imaging of bacteria 
Two-photon imaging experiments were performed on a Nikon Eclipse Ti 
microscope by using the same Avesta TiF-100M oscillator as excitation source. 
The bacteria (S. aureus or E. coli) were incubated with Au NSs using the same 
protocols as described above. 5µL of the obtained solution was placed 
between a glass slide and a cover slide for two-photon imaging experiments. 
The 820 nm femtosecond output laser pulses were spectrally cleaned by using 
an 800 nm longpass ﬁlter and spatially expanded by a 5× beam expander to 
give a beam diameter of ∼1 cm before entering the microscope. A 50/50 beam 
splitter was employed to direct the beam into the objective lens (NA = 1.25) to 
focus the beam onto the sample with a focal area of ∼π × 3802 nm2. A PI 
E-710 model piezo stage, which can move in three dimensions, was utilized to 
position and scan the sample. The 750 nm shortpass ﬁlter was used to filter the 
emission collected by the same objective lens in order to suppress the laser 
scattering. A high-quantum eﬃciency photon counting avalanche photodiode 
(PerkinElmer) was used as the detector to acquire the photoluminescence for 
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imaging. The dark field images were measured on the same microscope by 
using a halogen lamp as the illumination source. 
4.2.8 Photothermal treatment of bacteria  
After incubation and washing of the mixture of Au NSs and bacteria (S. 
aureus and E. coli) using the same protocol as described above. 10 µL of 
mixed dye solution containing 1.5 µL of SYTO (3.34 mM) and 1.5 µL of 
propidium iodide (20 mM) to 1 mL of PBS buffer was added into 100 µL of 
bacteria solution. After incubation in dark for 15 min, 5µL of stained bacterial 
cells were placed between a glass slide and a cover slide, which were 
subsequently subjected to photo-antimicrobial treatment using 15 mW 
femtosecond laser pulses at 820 nm, 8 ms irradiation time at each point. A 
LIVE/DEAD BacLight bacterial viability kit (L-7012, Invitrogen) was 
employed to examine viability of the bacterial. This kit contains two 
fluorescent nucleic acid staining agents - a green-fluorescent dye SYTO® 9 
and red-fluorescent dye propidium iodide. In general, SYTO® 9 can penetrate 
into the bacteria with both intact and damaged membrane, while propidium 
iodide only penetrates into bacteria with damaged membrane and serves as a 
label for dead bacteria. The bacteria without Au NSs were stained with two 
dyes to act as a control. Images were obtained on the same microscope by 
using two CW lasers with the wavelengths at 488 and 532 nm to excite 
SYTO® 9 and propidium iodide respectively. The photo-antimicrobial 
treatments of bacteria were performed by using the femtosecond laser pulses 
at 820 nm as the illumination source. 
4.2.9 MTT assay 
10
4 
human epidermal keratinocytes were seeded into each well of 96-well 
plate. After incubation for 24 h, all media were replaced with 100 µL of Au 
NSs in media at various concentrations. MTT assay was carried out 2 days 
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later by removing all the media and adding with 100 µL fresh medium and 20 
µL of MTT (5 mg/mL). After incubation for 4 h, the media were carefully 
removed and 150 µL of DMSO was added to dissolve the internalized purple 
formazan crystals. The plate was then shaken for 10 min and the optical 
density at 570nm was measured with a microplate reader (TECAN, 
Switzerland). In this experiment, the keratinocytes without treatment of Au 
NSs and the blank wells without cells were used as positive control (PC) and 
negative control (NC) respectively. Cell viability was calculated by using the 
following formula: viability (%) = (ODsample – ODNC)/ (ODPC – ODNC) × 
100%. 
4.2.10 Hemolysis assay 
Fresh rat blood was diluted to 4% using the PBS buffer. 100 µL of diluted 
red blood cell suspension was placed in each well of a 96-well plate, followed 
by addition of 100 µL of Au NSs solution in PBS with concentration ranging 
from 0.1 to 54.6 pM. Each sample was tested in triplicate. After incubation at 
37˚C for 1 hr, the plate was centrifuged at 2200 rpm for 5 min. 100 µL of the 
aliquots from each well was transferred to a new 96-well plate. The release of 
hemoglobin was tested by measuring the optical density at 576 nm using a 
microplate reader. The red blood cells in PBS and red blood cells lysed with 
0.2% Triton were used as negative control (NC) and positive controls (PC) 
respectively. The percentage of hemolysis were calculated according to 
Hemolysis (%) = (ODsample – ODNC)/ (ODPC – ODNC) × 100%. 
4.3 Results and Discussion  
4.3.1 Aggregation of gold nanospheres in solution 
Au NSs with an averaged diameter of ~42 nm were prepared using 
procedures modified from a previously reported seed-mediated growth 





 CTAC was used as the stabilizing agent because of its capability of 
forming uniform metal nanostructures with well-controlled particle size.
46-49
 
The prepared Au NSs were encapsulated by a bilayer of CTAC to display 
positive charges. These Au NSs have an average diameter of 42.1±1.9 nm and 
exhibited LSPR band centered at 529 nm in aqueous solution (Figure 4.1A). 































































Figure 4.1. Extinction (A) and TPPL spectra (B) of Au NSs solution before 
and after addition of cysteine of different concentrations: 0, 2.5, 5. 8.75, 17.5, 
37.5, 75, 150, 225 μM. [cysteine] increases in the direction of the black arrow. 
Insets of A are the TEM images of isolated (lower left corner) and aggregated 
(upper right corner) Au NSs. (Scale bar: 100nm) Inset of B is TPPL 
enhancement factor (TPPL/TPPL0 where TPPL0 and TPPL are the integrated 
TPPL intensities of the isolated and coupled Au NPs, respectively) of the 
coupled Au NSs solution in the absence and presence of different amounts of 
cysteine. 
 
Cysteine was chosen as the molecule linker to induce assembly of Au 
NSs. The cysteine molecules can bind to the surface of Au NS through the 
thiol group, which destroys the positively charged CTAC surfactant bilayers, 
resulting in a reduction of electrostatic repulsive force. At pH of <4.0, 
cooperative two-point electrostatic interactions of zwitterionic structure of the 
cysteine molecule attached on the surface of Au NSs cause aggregation of Au 
NSs.
21, 50-52
 Figure 4.1A shows the extinction and TPPL spectra of Au NS 
solutions in the absence and presence of different cysteine concentrations. As 
more cysteine was added, the original LSPR band at 529 nm decreased and a 
new band appeared at the longer wavelength region. This new band arises 
from plasmon coupling between the coupled Au NSs.
14
 Cysteine-induced 
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aggregation of Au NSs was further confirmed by the TEM images (Figure 
4.1A). The TPPL of Au NSs was found to display a dramatic enhancement 
upon aggregate formation. Isolated Au NS solution exhibited very weak TPPL 
signal owing to their relatively small two-photon absorption cross section and 
low quantum yield.
23
 As cysteine was added to induce the aggregation, the 
TPPL intensity was enhanced by a factor of up to 415 in the presence of 225 
μM cysteine (Figure 4.2). The two-photon excitation nature of the observed 
emission of coupled Au NSs was confirmed by the squared power dependence 
of the emission signal on the excitation power densities (Figure 4.3).
28
 The 
observed TPPL enhancement was believed mainly ascribed to two 
mechanisms. First, the new plasmon band formed from the plasmon coupling 
is strongly resonant with the excitation wavelength, which provides 
intermediate resonance states to greatly promote two-photon excitation 
processes by two sequential one-photon absorption processes.
22, 23, 53
 Secondly, 
the local electric field enhancement at the excitation wavelength generated by 
plasmon coupling also contributes to enhanced two-photon excitation 
efficiency and consequently significantly enhanced TPPL.
22, 23, 54, 55
 
  



















































Figure 4.2. Extinction at 820 nm and TPPL enhancement of the coupled Au 
NSs solution in the absence and presence of different amounts of cysteine. 
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Figure 4.3. Excitation power dependence of the TPPL of the coupled Au NSs 
(in the presence of 37.5 μM of cysteine) in solution.  
 
4.3.2 Two-photon imaging of bacteria 
The observed significantly enhanced TPPL of coupled Au NSs can be 
utilized for two-photon excitation imaging of the bacteria. (Figure 4.4A) 
Bacteria have overall negative charges on cell membrane due to the presence 
of teichoic acids on Gram-positive bacteria (S. aureus) and 
lipopolysaccharides on Gram-negative bacteria (E. coli). The CTAC-capped 
Au NSs are positively charged. The electrostatic interaction between anionic 
bacteria and cationic Au NSs will cause formation of Au NSs aggregates on 
the surfaces of these two bacteria. Zeta potential results (Figure 4.5) confirmed 
that Au NSs were positively charged (26.3±7.37 mV) and both bacteria 
possess negative charge on surfaces (S. aureus: -27.8±5.64 mV, E. coli: 
-35.6±4.16 mV) before the interactions. The increase in bacterial zeta potential 
after treatment of Au NSs indicated the Au NSs bind on bacterial surfaces 
(Figure 4.5). 
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Figure 4.4. (A) Schematic representation of bacteria-induced aggregation of 
Au NS for two-photon excitation imaging and photo-antimicrobial treatments. 
(B) Extinction spectra of Au NSs solution before and after addition of S. 
aureus. Insets in panel B show color change of Au NSs solution from pink to 
purple. (C) SEM images of aggregated Au NSs on S. aureus surfaces. Inset in 
(C) is S. aureus without Au NSs.of S. aureus (C) and E. coli (D). (The 
insertions in (C) and (D) are bacterial pathogens without Au NSs). 
 
AuNSs
S. aureus E. coli
S. aureus + AuNSs
E. coli+ AuNSs
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Figure 4.5. Zeta potential of Au NSs (26.3±7.37 mV), S. aureus (-27.8±5.64 
mV), E.coli (-35.6±4.16 mV), S. aureus with Au NSs (-20.7±4.65 mV) and E. 
coli with Au NSs (-32.9+-4.24). 
 
Formation of Au NS aggregates on the surfaces of bacterial (Figure 4.5) 
can be confirmed by the observation of a new LSPR band around 700 nm in 
the extinction spectrum of Au NSs in the presence of S. aureus, in contrast to a 
single sharp extinction peak for Au NSs without S. aureus. The change in 
extinction spectra resulted in a color change of Au NS solution from pink to 
bluish, which can be directly visualized with naked eyes. Formation of Au NS 
aggregates on the bacterial surfaces was further confirmed by examining the 
morphology changes using scanning electron microscopy (SEM) (Figure 4.4). 
SEM images clearly shows that Au NSs aggregates distributed all over the 
surface of S. aureus (Figures 4.4).  










Figure 4.6. Dark field (left column) and TPPL (right column) images of 
bacteria (S. aureus and E. coli) before and after addition of Au NSs. (Scale bar: 




    
After formation of Au NSs aggregates on bacteria surfaces was confirmed, 
aggregation enhanced TPPL of Au NSs was utilized to conduct two-photon 
imaging of bacteria. In the absence of Au NSs, no emission signal was 
observed for both S. aureus and E. coli alone under irradiation of femtosecond 
laser pulses at 820 nm (Figure 4.6 A2 and C2). This is consistent with the 
previous report that bacteria are virtually transparent for NIR lasers.
56
 In sharp 
contrast, bacteria incubated with Au NSs exhibited strong TPPL signals under 
excitation at 820 nm. The two-photon images of S. aureus and E. coli cell 
(Figure 4.6 B2 and D2) match well with the corresponding dark field images 
(Figure 4.6 B1 and D1). 
4.3.3 Photothermal treatment of bacteria 
The combined effects of aggregation enhanced two-photon excitation 
efficiency and photothermal effect of Au NSs could be utilized for two-photon 
antimicrobial treatment of bacteria using femtosecond laser pulses. The 
bacterial cells with and without incubation with Au NSs were sweepingly 
irradiated by 15 mW femtosecond laser pulses at 820 nm under a raster 
scanning mode with dwelling time of 8 ms at each point. The capability of 
killing bacterial pathogens by aggregated Au NSs under femtosecond laser 
irradiation was evaluated by using a LIVE/DEAD staining kit. In this kit, the 
green-fluorescent dye SYTO® 9 stains all bacteria and the red-fluorescent 
propidium iodide only stains the bacteria with damaged membrane. Almost no 
red (dead) bacteria were observed for S. aureus and E. coli without Au NSs 
(Figure 4.7 A2 and C2) as red-fluorescent dye propidium iodide cannot 
penetrate into intact bacterial cells. After irradiation with femtosecond laser 
pulses at 820 nm, the bacteria without Au NSs exhibited little change in 
viability (Figure 4.7 A3 and C3), which suggests that the irradiation of 
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femtosecond laser pulses alone have little killing effects to bacterial pathogens. 
Only a very small number of dead bacteria (red) were found (Figure 4.7 B2 
and D2) after bacterial pathogens were treated with Au NSs (27.3 pM) but 
without femtosecond laser irradiation. Quantification analysis (Figure 4.8) 
indicated that only ~9.7% and 6.3% of S. aureus and E. coli were killed by Au 
NSs themselves before laser irradiation. In contrast, femtosecond laser 
irradiation to Au NSs treated bacteria resulted in a significant increase in the 
number of dead bacteria (Figures 4.7 B3 and D3). In particular, the killing 
efficiency of S. aureus and E. coli reached 88.8% and 82.6% respectively, 
which is a significant increase compared to those without Au NSs treatment 
and Near-IR irradiation (S. aureus: 6.3%, E. coli: 3.4%). We have further 
compared the effect of the femtosecond laser pulses with CW lasers at 820 nm 
(Figure 4.8&4.9), the femtosecond laser pulses was found to display much 
better antimicrobial killing effect. This could be ascribed to the much shorter 
pulse duration compared to the thermal diffusion constant of plasmonic 
nanoparticles (~270 ps for 40 nm Au nanospheres),
57
 which allows the heat to 
be quickly accumulated and leads to high temperature in short time.
58
 
Compared with previous studies which used other Au NPs as photothermal 
agents to treat bacteria
40, 43, 58, 59
, the Au NSs concentration (27.3 pm) versus 
loading bacterial concentration (3×10
8
 CFU/mL) here is much lower. However, 
we still obtained comparable killing efficiency. These results reveal that 
cationic Au NSs can be used to efficiently kill bacteria when Near-IR 
irradiation is applied. Due to deep penetration depth of Near-IR irradiation, 
these cationic Au NSs may have great potential to treat various infectious 
diseases like osteomyelitis.  
 











Dead bacteria w/o laser Dead bacteria with laserAll bacteria
 
Figure 4.7. Viability of S. aureus and E. coli with and without Au NSs before 
and after irradiation of laser pulses. (Scale bar: 10 µm). 
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Figure 4.8. Bacterial viability with Au NSs before and after irradiation by 
laser pulses and CW laser. A total of four views were used for counting, and 
significant differences from bacterial pathogens alone are marked with an 
asterisk (*) P < 0.05.  





























Figure 4.9. Viability of human epidermal keratinocytes with the addition of 
Au NSs at various concentrations. 
 
Lower toxicity to mammalian cells is essential for application of 
antimicrobial agents, which is evaluated by using widely used MTT assay and 
hemolysis method. MTT assay of human epidermal keratinocytes shown in 
Figure 4.9 revealed that cell viability was over 90% even when the 
concentration of Au NSs is 109.2 pM which is 4 times higher than we applied 
to image and treat bacteria. Although the cationic Au NSs could assembly on 
bacterial surfaces, these particles also barely damaged red blood cell 
membrane, displaying in a negligible hemolysis effect (less than 1% 
hemolysis as shown in Figure 4.10). Mammalian cell possesses less negative 
charges than bacterial cell,
60
 which leads to weaker electrostatic interaction 
between Au NSs and mammalian cells than that between Au NSs and bacterial 
cells. Therefore, insignificant toxicity of cationic Au NSs was observed. 
Taking advantages of different charges between bacterial and mammalian cells, 
cationic polymers have been previously reported to be able to selectively 
distinguish bacteria from mammalian cells.
61
 Cationic Au NSs thus have great 
potential in selectively recognizing the bacterial cells over mammalian cells.      


























Figure 4.10. Rat blood red cell hemolysis of Au NSs at various 
concentrations. 
 
4.4 Conclusions  
In this study, aggregation of Au NSs in solution was found to exhibit 
strong TPPL. Taking advantage of this finding, the potential of CTAC-capped 
cationic Au nanospheres with diameter of 42.1 nm to image and kill both 
Gram-postitive and Gram-negative bacteria (e.g. S. aureus and E. coli) 
simultaneously by TPPL and photoantimicrobial activity with the excitation in 
NIR region was explored for the first time. As Au NSs aggregation formed on 
bacterial surfaces due to the electrostatic interactions, aggregation induced 
large TPPL enhancement was successfully applied to image S. aureus and E. 
coli. Bacteria treated with Au NSs were killed under the irradiation by laser 
pulses due to photothermal effects, and the killing efficiency of S. aureus and 
E. coli reached 88.8% and 82.6% respectively with the low Au NSs 
concentration of 27.3 pM at which Au NSs themselves are harmless to 
mammalian cells (skin keratinocytes and red blood cells) and bacterial 
pathogens. This work demonstrated the great potential of Au NSs serving as 
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dual two-photon imaging and photothermal agents in vivo to diagnose and 
treat the multidrug-resistant bacterial infections. 
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Chapter 5. Composition effects on the coupling-enhanced two-photon 
photoluminescence and applications in biosensing, bacteria imaging and 
killing 
5.1 Introduction 
Localized surface plasmon resonance (LSPR), which results from the 
collective oscillation of conduction electrons,
1, 2
 is the unique optical property 
of noble metal nanoparticles, leading to widespread applications in a variety of 
fields, such as biosensing,
3-5




 and data 
storage.
10
 LSPR band can be easily tuned by controlling the particle size, 
shape, interparticle plasmon coupling and so on.
11-14
 Interparticle plasmon 
coupling has drawn significant attention, and has been utilized for many 
potential applications, especially in biological field, because local electric field 
amplification resulted from plasmon coupling can be utilized to enhance 





 and two-photon photoluminescence (TPPL).
16-20
  
TPPL is a non-linear optical property that attracts intense interest because 
of many advantages such as deep penetration, less tissue autoﬂuorescence, 
reduced photodamage and three-dimensional conﬁned excitation.21, 22 These 





 Metal nanoparticles, such as Au or Ag, are 
particularly suitable for development of the plasmon-coupling enhanced 
TPPL-based applications. This is ascribed to their low emission quantum yield 
and relative small two-photon cross section, leading to low TPPL intensity 
before plasmon coupling.
23
 However, they exhibit great TPPL signal after 
plasmon coupling, which is due to the local electric field enhancement caused 





 Therefore, high TPPL enhancement can be achieved by 
plasmon coupling of metal nanoparticles. This high TPPL enhancement has 
already been employed in biosensing.
18, 19
 Nevertheless, the maximum TPPL 
enhancement factor so far can only reach up to ~100 in solution,
18, 19
 much 
lower than that in the single particle research.
17
 There is a large room for 
further improvement of the TPPL enhancement in solution. 
Traditionally, Au and Ag nanoparticles are the most widely used metal 
nanoparticles, and both of them have advantages and disadvantages. Au NPs 
are stable and easily prepared with easily controlled morphology, while Ag 
NPs have more intense LSPR.
24-26
 In recent years, the researches on the 
preparation and the optical properties of bimetallic nanoparticles emerged,
24, 25, 
27
 and these bimetallic nanoparticles have potential to possess the advantages 
of both metals. Until now, no report has used these bimetallic nanoparticles to 
investigate the plasmon-coupling enhanced TPPL. In this chapter, the 
plasmon-coupling enhanced TPPL of bimetallic nanoparticles was 
investigated and applied for insecticide detection and bacteria imaging. 
Cartap, bis(thiocarbamate) derivative of 2-(dimethylamino)propane-1,3- 
dithiol, is an insecticide mainly targeting on chewing and sucking insects to 
protect crops such as rice, fruits and vegetables.
28, 29
 It has been used in 
agriculture worldwide, especially in Asian countries (China, India, Japan, etc.) 
since its first introduction into market in Japan in 1964.
30-33
 However, the 
toxicological studies of cartap showed that cartap could not only cause defects 
in vascularature and neurogenesis, but also induce acute toxicity with 
subsequent death to animals.
34, 35
 More importantly, several clinical reports 
demonstrated that the consumption of cartap or cartap-containing insecticides 




Due to the severe toxicity of cartap, various analytical methods, such as 
high performance liquid chromatography (HPLC)
38
, gas chromatography- 







, have been applied to 
detect and quantify the cartap residues. However, most of these methods are 
time-consuming and need complex experimental procedure. Therefore, a fast, 
simple and effective approach for detection of cartap is required, and 
TPPL-based detection could be a promising candidate. 
Apart from detection of insecticide, the potential of using TPPL to image 
bacteria is also studied in this chapter. Staphylococcus aureus (S. aureus), as a 
dangerous pathogen in human has significantly contributed to the occurrence 
of nosocomial and community acquired infections for more than 100 years.
40
 
The emergence of multidrug-resistant S. aureus resulted in higher mortality 
rate and make staphylococcus infections more difficult to treat, thus 
staphylococcus infection has become a major public concern.
41-43
 And the 
biofilm formed on biomaterial or tissue surfaces, which envelops the bacteria 
with their extracellular polymeric substances (EPS) and protects the bacterial 
pathogens from the attacks of antibiotics and immune response.
44-46
, further 
enhance the danger of S. aureus. Therefore, it is of greatly importance to 
search an approach to recognize the S. aureus in the early stage in vivo and 
then kill them in situ.  
Silver as one of the most traditional antimicrobial agents has been widely 
used in various products, such as cosmetics, biomedical devices and household 
products, due to its broad-spectrum antimicrobial properties. In recent years, 
silver nanoparticles (Ag NPs) have attracted enormous amount of interest as 
the toxicity is greatly enhanced when the size of Ag materials is reduced to 
nano-range due to more toxic silver atoms exposed to microbial pathogens.
47
 
The toxicity of Ag NPs exerting to microbes is mainly attributed to the release 
of silver ions (Ag
+
) which could interact with important enzymes, proteins and 
increase DNA mutation frequencies.
48-51
. Besides, the generation of reactive 
oxygen species (ROS) and silver-induced direct cell damage have also been 
reported to be responsible for silver toxicity.
52-55
 Various Ag NPs have been 
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shown to be biocidal against various microbial pathogens including 












), fungi (Candida albicans
56, 61
). Therefore, the 
new alternatives to traditional antibiotics against staphylococcus infections are 
in great demand, and Ag NPs could be a promising one. 
In this work, we have prepared the Au@Ag bimetallic nanoparticles with 
different thicknesses of silver nanoshells coating outsides. We systematically 
investigated the effect of composition on the plasmon-coupling enhanced 
TPPL. The coupled Au@Ag NPs displayed much larger TPPL enhancement 
comparable to those of other nanoparticles in solution which have been 
reported. Taking advantage of this large TPPL enhancement, a biosensor to 
detect cartap was developed, due to cartap can induce efficient coupling of the 
Au@Ag NPs. In addition, the smaller Au@Ag NPs display the high TPPL 
intensity similar as the larger Au NPs. Thus, the Au@Ag NPs were employed 
as the TPPL imaging agents to image bacteria. Since silver is a widely used 
antibacterial material, the silver nanoshells coating outside may render the 
Au@Ag NPs great antibacterial property at the same time. Therefore, the 
potential of Au@Ag NPs as a TPPL probe to detect insecticide cartap, and as 
two-photon imaging and antibacterial agent against S. aureus were also 
explored in this chapter. 
 
5.2 Experimental   
5.2.1 Materials 
Gold(III) chloride trihydrate (HAuCl4·3H2O, 99.9%), silver nitrate 
(AgNO3, 99.9%), sodium borohydride (NaBH4), cysteamine (Cys) were 
purchased from Sigma-Aldrich. Trisodium citrate dehydrate (99%), cartap, 
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omethoate, aldicarb, amitraz, dichlorovos, methamidophos, imidacloprid, 
triazophos, methomyl, carbaryl, acetamiprid were purchased from Fluka. 
Cetyltrimethylammonium chloride solution (CTAC, 25wt% in H2O) and 
ascorbic acid were purchased from Alfa Aesar. All regents were analytical 
grade and used as received without further purification. All aqueous solutions 
were prepared in deionized (DI) water. Commercial strains of S. aureus 
(ATCC No. 6538) were bought from ATCC (U.S.A).  
5.2.2 Instrumentations 
Ultraviolet-visible (UV-vis) extinction spectra were acquired on a 
Shimadzu Model UV-2450 spectrophotometer. Transmission electron 
microscopy (TEM) images were taken by using a JEOL Model 2010 
transmission electron microscope. Scanning electron microscopy (SEM) 
images were obtained on a JEOL JSM-7400F Field Emission scanning 
electron microscopy microscope. The value of optical density of bacterial 
solution was read by a microplate reader (TECAN, Switzerland).  
5.2.3 Preparation of gold nanoparticles 
Au NPs were prepared in three steps by modifying a classical three-step 
procedure reported by Gole and Murphy.
62
 In details, 3.5 nm citrate-stabilized 
Au nanoparticle seeds were first prepared by adding 0.3 mL of 0.1 M fresh 
prepared ice-cold NaBH4 solution into 10 mL of aqua growth solution 
containing 0.25 μM HAuCl4 and sodium citrate. The resultant solution was 
vigorously shaken for 2 min and kept at room temperature for 3 h before the 
further growth. Then Au NPs with diameter of 8 nm were prepared. A 0.25 mL 
0.1 M of freshly prepared ascorbic acid was added to the 45 mL of 0.08 M 
CTAC solution that was already mixed with HAuCl4 (1.125 mL, 0.01 M).  
After gentle stirring, the solution color changed from light yellow to colorless. 
A 5.0 mL of 3.5 nm Au nanoparticle seed solution was then added into the 
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resultant solution and kept stirring for 10 min. Finally, 8 nm Au NPs were 
employed as seeds to grow the 20 nm Au NPs by using the same protocol as 
the previous step. The resulting Au NPs solution was kept at room temperature 
for 3 h before further use. The Au NPs obtained were 19.00±0.91 nm in 
diameter, as measured by TEM imaging. 
5.2.4 Preparation of Au@Ag nanoparticles 
20 nm Au NPs were washed with CTAC (0.08 M) solution several times 
and finally re-dispersed in CTAC (0.08 M) solution. 2 mL Au NPs were added 
into 8 mL CTAC (0.08 M) solution under magnetic stirring. Then 0.3 mL of 
0.1 M ascorbic acid and different amounts of 10 mM AgNO3 were added into 
the above mixture. The solution was heated to 60°C and maintained for 1 h. 
AgNO3 was reduced by ascorbic acid and the resultant silver continuously 
grew on the surface of Au NPs. The wine red of solution changed into orange 
yellow, meaning the formation of Au@Ag NPs. The Ag nanoshells were 
grown thicker by increasing the volume of 10 mM AgNO3 solution from 25 to 
200 μL, resulting in the increase of thickness from ~1 to 5.5 nm. 
5.2.5 Preparation of 25.5 nm Au nanoparticles 
20 nm Au NPs were washed with CTAC (0.08 M) solution several times 
and finally redispersed in CTAC (0.08 M) solution. 2 mL Au NPs were added 
into 8 mL CTAC (0.08 M) solution under magnetic stirring. Then 0.3 mL of 
0.1 M ascorbic acid and 200 μL of 1 mM HAuCl4 were added into the above 
mixture. The solution was heated to 60
o
C and maintained for 1 h. The 
diameters of the resultant Au NPs are 25.49±1.12 nm, therefore the second 
gold shells are ~3.3 nm. 
5.2.6 Preparation of silver nanoparticles 
The Ag NPs were prepared according to a previous report.
63
 For the 
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preparation of the citrate-stabilized Au nanoparticle seeds, 0.2 mL of fresh 
prepared ice-cold NaBH4 (0.1M) was added to 20 mL DI water which 
contained 1.47 mg of sodium citrate and 1.97 mg of HAuCl4 under vigorous 
stirring. The orange-yellow of solution changed into brownish red, indicating 
the formation of Au nanoparticle seeds. The seed solutions were used within 
2-5 hrs after the preparation. 3 mL Au nanoparticle seeds were quickly added 
to the growth solution which was a mixture of AgNO3 (10mg) and sodium 
citrate (30mg) in 50mL water. Ascorbic acid solution (30 mg in 10 mL DI 
water) was then added dropwisely for about 10 min. The resulting solution 
was kept stirring for another 1 h, and a brownish yellow Ag NPs solution was 
obtained. Through the measurement of TEM imaging, the average diameter of 
the resultant Ag NPs was 22.65±2.38 nm. 
5.2.7 Assembly of metal nanoparticles in solution    
Cysteamine was employed to form the aggregation of metal nanoparticles 
in solution for the two-photon photoluminescence measurements. Different 
amounts of cysteamine stock solution were added into 2 mL nanoparticles 
solution to induce the assembly of the different metal nanoparticles used in 
this report. The mixture solutions were kept for 3 min at room temperature 
before the measurements. 
5.2.8 Sample preparation of cartap detection 
10 mL of Au@Ag NPs was washed with DI water, and redispersed in 10 
mL DI water. Different amounts of cartap stock solution were added into 0.4 
mL of Au@Ag NPs solution, 48 μL of 0.1 M HCl aqua solution was then 
added, and the mixture solutions were kept for 20 min at room temperature 
before the measurements. The mixture containing 48 μL of 0.1 M HCl and 0.4 
mL of Au@Ag NPs was used as the control sample. The aggregation kinetic 
curve of Au@Ag NPs induced by cartap was obtained by the TPPL spectra 
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with time up to 45 min. Furthermore, due to the aggregation of Au@Ag NPs 
influenced by the pH, the detection sensitivity was optimized by adjusting the 
amount of HCl in the solution.   
5.2.9 TPPL spectra measured in solution  
The Avesta TiF-100M femtosecond (fs) Ti:sapphire oscillator was used as 
the excitation source in the TPPL measurements in solution, which gives 
output of 820 nm laser pulses with pulse duration of 80 fs and repetition rate 
of 84.5 MHz. The laser power used in the measurement was 100 mW. A lens 
with focus length of 3 cm was used to focus the laser beam on the sample. An 
800 nm long pass filter was used to purify the excitation in the measurement. 
In order to minimize the scattering, a 750 nm short pass filter was used and the 
emission was collected at an angle of 90
o
 to the direction of the excitation 
beam. A monochromator (Acton, Model Spectra Pro 2300i) coupled CCD 
(Princeton Instruments, Model Pixis 100B) with an optical fiber was used to 
directly collect and detect the emission signal.   
5.2.10 Characterization of Au@Ag nanoparticles aggregation on bacteria 
surfaces by scanning electron microscopy (SEM) 
The formation of Au@Ag NPs aggregates on bacteria surfaces was 





 were washed twice and resuspended in 
filtered DI water. 0.5 µL of Au@Ag NPs (5.46 µM) was added into 100 µL of 
bacterial solution, and the bacterial solution was then incubated at 37°C for 1h. 
The resulting bacterial solution with Au@Ag NPs was centrifuged at 1000 
rpm for 10min. The obtained pellet was washed twice with DI water and 
followed by glutaraldehyde fixation for 4h at room temperature. To dehydrate 
the fixed bacteria, a series of gradient ethanol solutions (25%, 50%, 75%, 95%, 
and 100%, 10 min each) were applied. After dehydration, bacterial samples 
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were coated with platinum. Finally, SEM images were obtained using a field 
emission scanning electron microscope.     
5.2.11 Two-photon imaging of bacteria 
Bacteria S. aureus with the concentration of 3×10
8
 CFU/mL were 
obtained and washed twice with DI water. Then, 0.5 µL of Au@Ag NPs (5.46 
µM) was added into 100 µL of bacterial solution, followed by incubation for 
1h and centrifugation as same as previous section. 5µL of resulting bacteria 
was added between glass slide and cover slide for the following two-photon 
imaging experiments. As a control experiment, the bacteria alone with the 
same concentration were used. To obtain dark-field images and two-photon 
excitation images, the following setups were employed. The femtosecond 
output laser pulses in 820 nm generated by the Ti:sapphire oscillator were 
puriﬁed by an 800 nm long pass ﬁlter. The laser pulses were spatially 
expanded by a 5× beam expander, giving a beam diameter of ∼1 cm before 
entering the microscope. A 50/50 beam splitter was employed to reflect the 
beam into the objective lens (NA = 1.25) and make it focus on the sample with 
a focal area of ∼π × 3802 nm2. A 750 nm short pass ﬁlter was used to filter the 
emission collected by the same objective lens in order to suppress the laser 
scattering. For positioning and scanning of the sample, a movable in three 
dimensions PI E-710 model piezo stage was used. The TPPL intensity and 
imaging measurements were recorded by the high-quantum eﬃciency photon 
counting avalanche photodiode (APD) (PerkinElmer) together with PicoHarp 
300. 
5.2.12 Minimal inhibitory concentration (MIC) measurements 
To measure the antibacterial activities of Au@Ag NPs against 
Gram-positive bacteria S. aureus, the broth microdilution method was 
employed. In brief, bacteria were grown in Mueller Hinton Broth (MHB) 
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overnight at 37ºC to reach mid-logarithmic growth phase. Bacteria 




 was then obtained by diluting 
bacteria suspension to obtain optical density (O.D.) reading of 0.07 at the 
wavelength of 600 nm on a microplate reader (TECAN, Switzerland). The 
concentration of bacterial solution was further diluted 1000 times to achieve 




. Au@Ag NPs were dissolved in DI 
water filtered with 0.2 µm PVDF filter and diluted with MHB in a series of 





) and equal volume of Au@Ag NPs solution were 
mixed and added into each well of a 96-well plate. After 18 h incubation under 
shaking of 300 rpm at 37ºC, the OD reading of each well was recorded. The 
MIC was taken as the concentration at which no bacterial growth was visually 
observed and no OD reading change was detected from 0 h. Bacteria in MHB 
without Au@Ag NPs were used as negative control, and each test was carried 
out in 4 replicates. 
5.2.13 Hemolysis assay 
Fresh rat blood was obtained and diluted to 4% (in volumn) of blood cells 
with PBS buffer. 100 µL of diluted blood cells were added into each well of a 
96-well plate, and followed by addition of 100 µL of Au@Ag NPs solution in 
PBS with a series of concentration ranging from 0.44 to 27.2 pM to each well. 
And each concentration was tested in triplicate. The 96-well plate was kept at 
37˚C for 1h to allow the hemolysis to take place. After incubation, the plate 
was centrifuged at 2200 rpm for 5 min. 100 µL of the aliquots from each well 
was transferred to a new 96-well plate, and the release of hemoglobin was 
tested by measuring the optical density at 576 nm using a microplate reader. In 
the assay, the red blood cells in PBS and red blood cells lysed with 0.2% 
Triton were used as negative control and positive control respectively. The 
following formula was used to calculate the percentage of hemolysis: 
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Hemolysis (%) = [(OD576nm of the sample - OD576nm of the negative control)/ (OD576nm of the 
positive control - OD576nm of the negative control) × 100%.   
 
5.3. Results and Discussion 
5.3.1 Composition effects (Au@Ag) on the plasmon-coupling enhanced 
TPPL 
5.3.1.1 Characterizations of Au@Ag nanoparticles 
Au@Ag bimetallic NPs with five different silver nanoshells thicknesses 
were prepared using the seed-mediated growth method. Firstly, the preparation 
of 19 nm Au NPs was according to the reported three-step growth protocol,
62
 
but CTAC was used instead of CTAB in this preparation. This was attributed 
to the usage of CTAC as surfactant that could form more uniform core-shell 
metal nanostructures with well-controlled particle size.
27, 64-66
 The resultant Au 
NPs were highly dispersed and with an average diameter of 19.00±0.91 nm, 
as shown in Figure 5.1G. Then, the Ag nanoshells were grown on the Au NPs 
surface by reducing the silver nitrate with ascorbic acid, accompanied with the 
color change from wine red to orange yellow. The successful formation of 
Au@Ag core-shell NPs was due to the closely matched crystalline lattice 
between Au and Ag.
27, 67, 68
 The thicknesses of Ag nanoshells can be controlled 
by varying the amount of silver nitrate added into the reaction solution. All the 
Au@Ag NPs and Au NPs obtained in these preparations were encapsulated 
with the CTAC positive bilayer. The extinction spectra and TEM images of the 
resultant Au@Ag NPs were shown in Figure 5.1. The TEM images revealed 
that the obtained Au@Ag NPs were uniform. Then, Ag nanoshells with five 
different thicknesses (average thicknesses of 1.10±0.17, 2.14±0.24, 3.46±0.33, 
4.49± 0.57, and 5.51±1.11 nm) were coated on the 19 nm Au NPs surface by 
adjusting the amount of silver nitrate ranged from 25 to 200 μL. The 19 nm Au 
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NPs exhibited one LSPR band at ~520 nm in the extinction spectra. After 
coating of Ag nanoshells, the LSPR band of Au NPs was blue-shifted and the 
intensity decreased. When the thickness of Ag nanoshells increased to 2.1 nm 
and above, a new LSPR band of Ag nanoshells at ~391 nm appeared. As the 
Ag nanoshells thickness continued increasing, the intensity of LSPR band of 
Ag nanoshells was increasing and that of Au NPs was attenuating. These 
optical responses were consistent with the reported simulation results.
27
 Then, 
these five Au@Ag NPs as well as the Au NPs were employed to investigate 
the composition effects on the plasmon-coupling TPPL.  
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Figure 5.1. (A) Extinction spectra of Au NPs (black line) and Au@Ag NPs 
with different Ag nanoshell thicknesses. (B-F) The TEM images of Au@Ag 
NPs with Ag nanoshell thickness of 1.1, 2.1, 3.5, 4.5, 5.5 nm, respectively. The 
TEM images of (G) Au NPs, (H) Au(19)@Ag(3.5) NPs, (I) Assembly of 
Au(19)@Ag(3.5) NPs induced by cysteamine. 
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5.3.1.2 Assembly of Au and Au@Ag nanoparticles 
Cysteamine was employed as the molecular linker to induce the coupling 
of Au and Au@Ag nanoparticles, due to its capability of binding to the Au or 
Ag surface through both its thiol and amine groups.
69
 All the nanoparticles 
were adjusted to the same concentration before addition of cysteamine. 
Different amounts of cysteamine stock solution (0.1 M) were added to 2 mL 
nanoparticles solutions, and the final concentration of cysteamine varied from 
0 to 2.5 μM for all the samples. The color of solutions gradually changed from 
yellow to blue as the cysteamine concentration increased. The extinction 
spectra shown in Figure 5.2 indicated all the nanoparticles assembled in the 
same trend. The intensity of original LSPR band decreased, while a new LSPR 
band which is the formation of longitudinal plasmon coupling mode appeared 
at the longer wavelength region after adding cysteamine, indicating the 
assembly of Au and Au@Ag NPs. The successful assembly was further 
confirmed by TEM image shown in Figure 5.1I. The new band was more 
red-shifted when the concentration of cysteamine increased, indicating the 
increase of assembly length and the linear nature of the assembly. 
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Figure 5.2. Extinction spectra of (A) Au(19) NPs, (B) Au(19)@Ag(1.1) NPs, 
(C) Au(19)@Ag(2.1) NPs, (D) Au(19)@Ag(3.5) NPs, (E) Au(19)@Ag(4.5) 
NPs, (F) Au(19)@Ag(5.5) NPs, before and after addition of cysteamine at 
concentrations of 0, 1, 1.25, 1.5, 1.75, 2, 2.25, 2.5 μM, respectively. The 
cysteamine concentration increases as the arrow direction.  
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Figure 5.3. TPPL spectra of (A) Au(19) NPs, (B) Au(19)@Ag(1.1) NPs, (C) 
Au(19)@Ag(2.1) NPs, (D) Au(19)@Ag(3.5) NPs, (E) Au(19)@Ag(4.5) NPs, 
(F) Au(19)@Ag(5.5) NPs, before and after addition of cysteamine at 
concentrations of 0, 1, 1.25, 1.5, 1.75, 2, 2.25, 2.5 μM, respectively. The 
cysteamine concentration increases as the arrow direction.  
 
Due to the low emission quantum yield and the relatively small 
two-photon cross section, the TPPL intensities of the isolated Au and Au@Ag 
NPs were very weak.
17
 In contrast, the coupled Au and Au@Ag NPs displayed 
strong TPPL signals. The TPPL spectra of all the measured nanoparticles in 
the presence of different amounts of cysteamine were shown in Figure 5.3. 
The TPPL spectra were measured by using 820 nm femtosecond laser pulses 
as the excitation source. It can be seen that the TPPL intensity increased until 
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it reached the maximum intensity as the concentration of cysteamine increased 
for all the samples. The TPPL enhancement factors of all the samples were 
summarized in Figure 5.4. The maximum TPPL enhancement of 836-fold was 
obtained for the Au(19)@Ag(3.5) NPs with ~3.5 nm Ag nanoshells coated 
outside. The enhanced TPPL was ascribed to two different aspects. On the one 
hand, the new longitudinal plasmon band induced by the plasmon coupling of 
metal nanoparticles is resonant with the excitation wavelength, resulting in the 
increase of extinction at the excitation wavelength and leading to an 
intermediate state for facilitating two-photon excitation processes.
17, 18, 20, 70
 On 
the other hand, the local electric field amplification caused by the plasmon 
coupling between the metal nanoparticles, leaded to the enhanced two-photon 
absorption efficiency.
17, 18, 20, 71, 72
 In addition, the local electric field can be 
further enhanced in the gap region due to a dynamical charge redistribution in 



































Figure 5.4. TPPL enhancement factors for coupled Au NPs and coupled 
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Figure 5.5. Extinction and TPPL spectra of (A, C) 25.5 nm Au NPs, (B, D) 
22.7 nm Ag NPs, before and after addition of cysteamine at concentrations of 
0, 1, 1.25, 1.5, 1.75, 2, 2.25, 2.5 μM, respectively. The cysteamine 
concentration increases as the arrow direction. The TEM images of (E) 25.5 





























25.5 nm Au NPs 22.7 nm Ag NPsAu(19)@Ag(3.5) NPs
 
Figure 5.6. TPPL enhancement factors for Au(19)@Ag(3.5) NPs, 25.5 nm Au 
NPs, 22.7 nm Ag NPs after coupling. 
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As shown in Figure 5.4, the TPPL enhancement factor of coupled 
nanoparticles first increased and then decreased as the Ag nanoshell thickness 
increased. The maximum TPPL enhancement factor up to 836-fold was 
obtained for the Au@Ag NPs with an optimal Ag nnaoshell thickness of ~3.5 
nm. Furthermore, the TPPL enhancement factor as well as intensity of the 
Au@Ag NPs was larger than those of Au NPs. To better understand the 
enhancement mechanism, we first compared the Au NPs in the diameter of 
25.49±1.12 nm with Au(19)@Ag(3.5) NPs, since they had the similar sizes. 
Figure 5.5A, B and 5.6 indicated the large TPPL enhancement was not just 
caused by the particle-size-dependent effect,
20
 though both the TPPL 
enhancement and intensity were slightly enhanced for the 25.5 nm Au NPs 
compared to 19 nm Au NPs after coupling. Then we compared the Ag NPs of 
22.65 ± 2.38 nm in diameter with Au(19)@Ag(3.5) NPs, the TPPL 
enhancement and intensity of coupled Ag NPs were still much lower than 
those of coupled Au(19)@Ag(3.5) NPs, indicating that the optical properties 
of Au(19)@Ag(3.5) NPs could not be just simply considered as pure Ag 
NPs.(Figure 5.5C, D and 5.6) Instead, the plasmon resonance of the core-shell 
structure could be regarded as the coupling between the plasmon modes of a 
metal nanoshell and a sphere.
24
 The presence of interface charges between the 
Au core and Ag nanoshell in thin Ag nanoshell were observed in the reported 
FDTD simulation result.
25
 Therefore, the large TPPL enhancement may be due 
to the coupling of Ag nanoshell and Au core. In addition, the plasmon 
resonance damping of Ag is minimized, since it has a higher interband 
transition energy and the interband transitions are restricted at the UV region. 
Thus, Ag has stronger surface plasmon resonance.
68
 Moreover, compared with 
Au, Ag exhibits much stronger electric ﬁeld enhancements.25 The stronger 
surface plasmon resonance and electric field enhancements possibly resulted 
in the larger TPPL enhancement and higher intensity of coupled Au@Ag NPs 
than coupled Au NPs. After coupling, the TPPL intensity increased as the 
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thickness of Ag nanoshell increased, and this trend may be also caused by the 
same reason (Figure 5.7B). This is in agreement with that the maximum 
change in extinction at the excitation wavelength also increased as the Ag 
nanoshell thickness increased (Figure 5.7C). The trend of TPPL enhancement 
factors of Au@Ag NPs was different from that of TPPL intensity after 
coupling, because the TPPL intensity before coupling increased as the Ag 
nanoshell thickness increased. (Figure 5.4 and 5.7) Since the particle sizes of 
Au(19)@Ag(4.5) NPs and Au(19)@Ag(5.5) NPs were not as uniform as the 
smaller Au@Ag NPs, a small part of nanoparticles grew to form nanocubes or 
quasi-nanorods shapes as the nanoshell became thicker. These isolated 
nanostructures displayed strong TPPL background before coupling because the 
tail of their plasmon resonances overlapped with the excitation wavelength,
20
 
resulting in reduced enhancement factors of the coupled Au(19)@Ag(4.5) NPs 








































































































Figure 5.7. The integral of TPPL intensity (A) before and (B) after 
aggregation, (C) maximum change in the extinction at 820 nm of the coupled 
Au@Ag NPs with different Ag nanoshell thicknesses. 
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5.3.2 Au(19)@Ag(3.5) NPs as turn-on photoluminescence probes for 
detection of cartap by plasmon-coupling enhanced TPPL 
The large plasmon-coupling induced TPPL enhancement of 
Au(19)@Ag(3.5) NPs, allowed us to apply these Au@Ag NPs as an excellent 
platform for detection of cartap. This is attributed to the low TPPL background 
before coupling and high plasmon-coupling induced TPPL signal. Furthermore, 
cartap can induce efficient Au@Ag NPs coupling, because it contains two 
amine groups which can bind to the Ag surface through the electron-rich 
nitrogen.
74
   
In order to keep the concentration of the Au(19)@Ag(3.5) NPs almost 
unchanged after adding cartap, the relative high concentration of cartap stock 
solutions (0.005, 0.05 and 0.1 mg/kg) were used, and the concentration of 
cartap was adjusted in the range of 0-0.07mg/kg. As shown in Figure 5.8C, the 
color of Au(19)@Ag(3.5) NPs solutions changed from yellow to blue after 
incubated with different amount of cartap in the acidic environment, indicating 
the assembly of Au(19)@Ag(3.5) NPs. The assembly was then confirmed by 
the extinction spectra. (Figure 5.8A) A new LSPR band appeared at the longer 
wavelength, which is a typical longitudinal plasmon coupling mode, and the 
original LSPR band intensity diminished after addition of cartap. The 
extinction ratio A700/A391 was used to quantitatively determine the 
concentration of cartap (Figure 5.8B). At the low concentration of cartap, the 
extinction ratio A700/A391 increased slowly, and a significant increase was 
observed when the cartap concentration ranged higher than 0.222 mg/kg. The 
A700/A391 had no obvious change induced by adding more cartap after the 
concentration reached 0.709 mg/kg. The limit of detection (LOD) of this 
colorimetric detection of cartap was estimated to be 0.027 mg/kg. TEM 
images were used to further confirm the assembly of Au(19)@Ag(3.5) NPs 
induced by cartap, as shown in Figure 5.8D-F. Before incubated with cartap, 
the NPs were well-dispersed, while small aggregates were formed after 
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addition of 0.222 mg/kg cartap. With more cartap added (0.533 mg/kg), the 
larger aggregates were formed.  
 









































































Figure 5.8. (A) Extinction spectra of the Au(19)@Ag(3.5) NPs after the 
addition of cartap at increasing concentrations. (B) Plots of the extinction ratio 
A700/A391 versus different concentration of cartap. (C) Color changes of the 
Au(19)@Ag(3.5) NPs in the presence of different amounts of cartap 
corresponding to (A). TEM images of Au(19)@Ag(3.5) NPs with the addition 
of different amounts of cartap (D) 0, (E) 0.222mg/kg, (F) 0.533mg/kg.  
 
As the plasmon-coupling of Au(19)@Ag(3.5) NPs can result in large 
TPPL enhancement factor, TPPL-base biosensors were reported have a higher 
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sensitivity and selectivity compared to the colorimetric biosensors.
18, 19
 
Therefore, we also measured the TPPL intensity of Au(19)@Ag(3.5) NPs after 
adding different amount of cartap, and 820 nm femtosecond laser pulses were 
used as the excitation source. In the absence of cartap, the Au(19)@Ag(3.5) 
NPs exhibited very weak signal. However, obvious TPPL signal appeared 
when addition of cartap was as low as 0.067 mg/kg as shown in Figure 5.9A. 
As the concentration of cartap increased, the TPPL intensity gradually 
increased until the concentration reached 0.709 mg/kg. The maxmium TPPL 
enhancement factor of up to 701-fold was obtained at the cartap concentration 
of 0.709 mg/kg. The enhanced TPPL was mainly attributed to two factors. 
Firstly, the longitudinal band generated by the plasmon coupling, provided an 
intermediate state to great facilitate the two-photon excitation.
17, 18, 20, 70
 
Besides, the local electric field amplification induced by the plasmon coupling 
also results in the enhanced TPPL.
17, 18, 20, 72
 The good linear relationship 
between the TPPL enhancement factor and the concentration of cartap was 
demonstrated in the inset image of Figure 5.9B. Compared to the colorimetric 
method, the TPPL method offers a broader detection range and lower LOD of 
0.0062 mg/kg, which is lower than other reported methods (0.01-0.05 
mg/kg).
74, 75 
Furthermore, the nature of TPPL of the Au(19)@Ag(3.5) NPs 
assembly induced by cartap was confirmed by measuring its excitation power 
dependence. The slop of 1.87 was obtained in the log-log plot of Figure 5.10 
by measuring the Au(19)@Ag(3.5) NPs incubated with 0.311 mg/kg cartap.  
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Figure 5.9. (A) TPPL spectra of Au(19)@Ag(3.5) NPs after addition of 
different amounts of cartap. (B) Plots of TPPL enhancement factor versus 
different cartap concentration. The inset is the linear dependence ranged from 
0.0067 mg/kg to 0.067mg/kg. 
 










































Figure 5.10. Excitation power dependence of the TPPL for the sample of 
coupled Au(19)@Ag(3.5) NPs induced by 0.311mg/kg cartap in solution. 
 
The detection of cartap is sensitive to the pH of solution, which was 
controlled by adding different amount of 0.1 M HCl aqua solution. The effect 
of pH on the assembly of Au(19)@Ag(3.5) NPs induced by 0.311 mg/kg 
cartap was studied by colorimetric and TPPL measurements, and the results 
were shown in Figure 5.11. Both measurements indicated the optimal 
concentration of HCl in solution is 0.11 M. Thus, in the detection of cartap, 
the concentration of HCl in all the samples was adjusted to 0.11 M. 
In addition, kinetics also plays an important role in the detection of cartap, 
from which we can determine the incubation time before measurement and 
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whether the assembly of NPs is stable. The cartap concentration of 
0.311mg/kg was used for the TPPL measurements to test the kinetic 
aggregation (Figure 5.12). The TPPL intensity increased rapidly in the first 5 
min, then increased with a much slower rate in the following 15 min, and 
finally reached a plateau at 20 min. The assembly has been proved being 
stable for at least 25 min. Therefore, the incubation time of NPs and cartap in 
this detection was set as 20 min. 































































































































Figure 5.11. (A) Extinction and (C) TPPL spectra of Au(19)@Ag(3.5) NPs 
with 0.311mg/kg cartap in the absence and presence of different HCl 
concentration ranging from 0-0.14M. (B) Plots of A700/A391 and (D) TPPL 
enhancement factor versus concentrations of HCl.  
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Figure 5.12. (A) TPPL spectra of aggregation kinetic with 0.311 mg/kg cartap 
in the sample. (B) Plots of TPPL enhancement factor versus incubation time.  
 
The selectivity of this detection method has also been measured with 
omethoate, aldicarb, amitraz, dichlorovos, methamidophos, imidacloprid, 
triazophos, methomyl, carbaryl, acetamiprid, ten kinds of most commonly 
used insecticides. In this selectivity test, the concentrations of interferences 
used were 3 mg/kg, which were ten times higher than that of cartep (0.3 
mg/kg). The results of both colorimetric and TPPL selectivity tests were 
shown in Figure 5.13. It was found that all these ten kinds of insecticides had 
no interference in this detection of cartap, since they had no obvious signals in 
both extinction and TPPL spectra. These results indicated the detection of 
cartap with TPPL method by using Au(19)@Ag(3.5) NPs is not only sensitive 
but also selective.   
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Figure 5.13. (A) Extinciton and (B) TPPL spectra of Au(19)@Ag(3.5) NPs 
with different insecticides. Corresponding (C) A700/A391 and (D) TPPL 
enhancement factor. 
 




Figure 5.14. SEM images of S. aureus with Au(19)@Ag(3.5) NPs aggregation. 
(B) is the magnified image of selected area in image (A). 
 







Figure 5.15. Dark field images and Two-photon excitation photoluminescence 
images of bacteria S. aurues. Dark field images of S. aureus without 
nanoparticles (A1), with Au(19) NPs (B1) and with Au(19)@Ag(3.5) NPs 
(C1). Two-photon excitation photoluminescence images of S. aureus without 
nanoparticles (A2), with Au(19) NPs (B2) and with Au(19)@Ag(3.5) NPs 
(C2). (Scale bar: 10 µm) 
 
Based on the observation that Au(19)@Ag(3.5) NPs exhibited a larger 
TPPL enhancement as well as the higher TPPL intensity than Au(19) NPs after 
coupling, Au(19)@Ag(3.5) NPs were applied to image bacteria using TPPL. S. 
aureus, as a typical Gram-positive bacterium, carry negative charge due to the 
presence of teichoic acid on the cell wall. Meanwhile, Au(19)@Ag(3.5) NPs 
were positive charged resulting from the capping agent CTAC. The 
electrostatic interaction between cationic Au(19)@Ag(3.5) NPs and anionic S. 
aurseus leaded to the formation of Au(19)@Ag(3.5) NPs aggregates on 
bacterial surface, and these aggregates were found in Figure 5.14. As shown in 
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Figure 5.14A, several aggregates were attached on every S. aureus cell. 
Furthermore, the size of single particle which formed the aggregates was 
approximate 25 nm, and this size is in agreement with previous TEM results of 
Au(19)@Ag(3.5) NPs. Having been confirmed that the Au(19)@Ag(3.5) NPs 
aggregations could successfully form on the surfaces of S. aureus, 
Au(19)@Ag(3.5) NPs were applied for TPPL imaging of bacteria S. aureus. 
As shown in Figure 5.15 A1 and A2, S. aureus hardly displayed TPPL signal 
when 820 nm laser pulses were used to irradiate on the bacteria alone. This is 
in concordance with report which showed that bacteria are virtually 
transparent under NIR laser.
76
 Furthermore, TPPL signal of coupled Au(19) 
NPs without Ag coating on the bacterial surfaces was also barely observed, 
which was demonstrated in Figure 5.15 B1 and B2. On the contrary, S. aureus 
with Au(19)@Ag(3.5) NPs aggregates on the surfaces which was shown in 
Figure 5.15 C2 were found to exhibit strong TPPL signal when they were 
excited at 820 nm. More importantly, each S. aureus presented in dark field 
images of Figure 5.15 C1 has corresponding TPPL signal in Figure 5.15 C2. 
Moreover, no TPPL signal generated by the Au(19)@Ag(3.5) NPs alone were 
observed. Therefore, coupled Au(19)@Ag(3.5) NPs can be used as a 
two-photon imaging agents to image bacteria S. aureus. This is due to the 
large TPPL enhancement factor and high TPPL intensity of coupled 
Au(19)@Ag(3.5) NPs illustrated in previous section.        
5.3.4 Antibacterial activity of Au(19)@Ag(3.5) NPs against S. aureus 
Ag and Ag-based materials are well known for their excellent and broad 
antimicrobial acitivities. To test the antibacterial activities of Au(19)@Ag(3.5) 
NPs against S. aureus, minimum inhibitory concentrations (MICs) of 
Au(19)@Ag(3.5) NPs were measured using a microdilution method with an 
initial bacterial loading of 3×105 CFU/mL. MICs are defined as the lowest 
concentrations of antibacterial agents that inhibit bacterial growth after 
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overnight incubation, and MICs are widely used as a tool to determine the 
activity of antimicrobial agents.
77
 In this study, MICs were obtained by 
monitoring the optical density reading at 600nm (OD600) of the broth with 
bacteria and various concentrations of Au(19)@Ag(3.5) NPs ranging from 
0.22 pM to 13.6 pM after the incubation of 18h. The OD600 which tests the 
turbidity of bacteria broth reflects the bacterial growth. As shown in Figure 
5.16A, the OD600 of bacterial solution with low concentration of 
Au(19)@Ag(3.5) NPs (0.22 pM and 0.43 pM) was greatly increased after 18h 
incubation compared with the OD600 at 0h. On the contrary, the OD600 barely 
changed when the concentration of Au(19)@Ag(3.5) NPs in bacterial solution 
was kept above 0.85 pM. 1.7 pM was taken as the MIC for Au(19)@Ag(3.5) 
NPs against S. aureus above which the growth of bacteria was completely 
inhibited. This MIC value is lower than that of most of other Ag or Ag-based 
nanomaterials concluded in a recent review
47
. The antibacterial activity of 
these bimetallic nanoparticles is mainly due to the presence of Ag nanoshells 
on the surface. After the Au(19)@Ag(3.5) NPs assembled on bacteria surface, 
which is confirmed by SEM previously, the Ag
+
 released from this bimetallic 
nanoparticles could destroy the bacterial cells
47-49
.       
To test the biocompatibility of Au(19)@Ag(3.5) NPs towards mammalian 
cell, hemolysis which measures the amount of hemoglobin released from 
damaged red blood cell was employed. As shown in Figure 5.16B, nearly no 
hemolysis was observed with the concentration up to 3.4 pM which is higher 
than the value of MIC (1.7 pM) against S. aureus. The selectively killing of 
Au(19)@Ag(3.5) NPs towards bacterial cells over mammalian cells is mainly 
due to the charge difference between the red blood cells and S. aureus. 
Bacterial cells possess much higher negative charge than mammalian red 
blood cells.
78
 Au(19)@Ag(3.5) NPs used in this study were with positive 
charge on surface resulting from the presence of CTAC as a capping agent. 
The less negative charge of the red blood cells leaded to weaker electrostatic 
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interaction with these bimetallic nanoparticles, and resulted in less toxicity to 
red blood cells. Meanwhile, the stronger electrostatic interaction between 
Au(19)@Ag(3.5) NPs and S. aureus drove more Au(19)@Ag(3.5) NPs 
aggregates formed on bacterial surfaces and enhanced the toxicity to S. aureus. 
Therefore, Au(19)@Ag(3.5) NPs are nontoxic even at the concentration 















































Figure 5.16. (A) Minimum inhibitory concentration measurements by testing 
the optical density (OD) reading at 600nm of S. aureus solution with a series 
of concentration of Au(19)@Ag(3.5) NPs ranging from 0.22 pM to 13.6 pM. 




In conclusion, the composition effect on plasmon-coupling enhanced 
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TPPL was investigated by preparing Au@Ag bimetallic nanoparticles with 
different thicknesses of Ag nanoshells coated outside. The TPPL enhancement 
factors of different Au@Ag nanoparticles were found to increase at first and 
then decrease as the thickness of Ag nanoshells increased after coupling 
induced by cysteamine. The maximum TPPL enhancement factor of 836-fold 
was obtained for the Au@Ag nanoparticles with ~3.5 nm Ag nanoshells 
coated. It was also found that the TPPL intensity was greatly enhanced after 
coating with Ag nanoshells. Considering the large TPPL enhancement of 
coupled Au@Ag NPs, these NPs have been employed to develop a biosensor 
for detection of cartap. This method displays high sensitivity with the LOD of 
0.0062 mg/kg, as well as excellent selectivity over the other ten kinds of 
commonly used insecticides.  
As another application, the coupling of Au@Ag NPs has also been 
successfully applied to image S. aureus bacterial pathogens using TPPL, since 
the cationic Au@Ag NPs can be assembled on the anionic bacterial surface. 
Taking advantages of excellent antibacterial activity of Ag and surface charge 
differences between bacterial cells and normal mammalian cells, Au@Ag NPs 
showed antibacterial activity towards S. aureus with low MIC values (1.7 pM) 
and no toxicity to mammalian red blood cell at MIC. Therefore, Au@Ag NPs 
which can be applied as biosensors, bioimaging agents and antibacterial 
material are promising multifunctional materials in biomedical field. 
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Chapter 6. Conclusions 
The theme throughout this thesis is to design and prepare various metal or 
metal-based nanostructures for plasmon-enhanced two-photon and multi- 
photon excitation photoluminescence, followed by studying the mechanism of 
photoluminescence enhancement, and their biomedical applications for 
biosensors, bioimaging and photothermal treatments are further explored.  
Herein, we prepared several metal nanoparticles and metal nanocomposites 
(i.e. Au NPs, Au@Ag NPs and NaYF4:Yb,Er@SiO2@Ag nanocomposites) 
and studied their enhancement of two-photon or multiphoton excitation 
photoluminescence by varying the sizes, separation distances and 
compositions of metal nanoparticles. Apart from the study of enhancement 
mechanism, these metal nanosystems were demonstrated in applications as 
cancer cell and bacterial imaging agents, insecticide detection probes and 
antibacterial materials. 
The plasmon-enhanced multi-photon excitation photoluminescence 
enhancement was studied by preparing NaYF4:Yb,Er@SiO2@Ag nano- 
composites with upconversion nanoparticle as core, SiO2 as spacer and Ag 
NPs as shell layer. By varying the thickness of SiO2 layer, the separation 
distance was finely tuned. The highest enhancement factors of 14.4-fold and 
10.8-fold were found with separation distance of 10 nm for both 15 nm and 30 
nm Ag NPs used. The separation distance and size dependent emission 
intensity is ascribed to the competition between energy transfer and enhanced 
radiative decay rates. Taking advantages of large enhancement of the 
upconversion nanocomposites, they were successfully applied to image B16F0 
cells after modification with DNA. The DNA-modified upconversion 
nanocomposites exhibited great biocompatibility and photostability. 
To further study the plasmon-enhanced two-photon photoluminescence 
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(TPPL) enhancement, Au NPs with two different sizes of 20 nm and 40 nm 
were prepared. By changing the number of base pairs of double strands DNA 
(dsDNA) which induced the coupling of Au NPs, the various separation 
distances between the coupled Au NPs from 12.24 nm to 2.04 nm were 
obtained. At shorter separation distances, an obvious red-shifted LSPR band 
and greatly enhanced TPPL intensity were observed due to the higher coupling 
strength at short separation distances. Furthermore, the largest enhancement 
factor for 20 and 40 nm Au NPs-dsDNA assemblies are 115- and 265- folds 
respectively, at the shortest available separation distance of approximately 2.0 
nm. The larger enhancement factor could be attributed to a stronger field 
enhancement in the coupling of NPs with larger size. These findings provide 
important understanding of the fundamentals of plasmon coupling enhanced 
TPPL, and also give clues for the developments of designing TPPL based 
platforms.  
The large TPPL enhancement of coupled Au nanospheres (Au NSs) was 
utilized to image bacteria. Cationic Au NSs with diameter of approximate 42.1 
nm were prepared. When the coupling of these Au NSs was induced by 
cysteine, they exhibited large TPPL enhancement in solution. Based on this 
observation, these CTAC-capped cationic Au NSs were applied to image 
Gram-positive S. aureus and Gram-negative bacteria E.coli. Au NSs 
aggregates were formed on both bacterial surfaces due to electrostatic 
interactions between the cationic Au NSs and anionic bacterial surfaces. Upon 
the irradiation of laser pulses in the NIR region, both S. aureus and E.coli 
modified with the coupled Au NSs were successfully imaged without obvious 
background signal observed using TPPL imaging. Concurrently, attached Au 
NSs aggregates were able to kill both bacterial pathogens, as a result of the 
photothermal effects. Therefore, the potential in utilizing Au NSs as dual 
two-photon imaging and photothermal agents to image and kill bacterial 
pathogens was demonstrated. 
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We also studied the effect of composition of metal nanoparticles on 
plasmon-coupling enhanced TPPL. Au@Ag bimetallic nanoparticles with 
varying thicknesses of silver nanoshells coating were prepared. It was found 
that the enhancement factor of Au@Ag NPs increased initially and then 
decreased as the thickness of Ag nanoshell coating increased. For the optimal 
Ag nanoshell thickness at ~ 3.5 nm, the largest TPPL enhancement factor of 
836-fold was obtained. The large TPPL enhancement of Au@Ag NPs allowed 
us to use them as biosensor to detect insecticide cartap. Excellent sensitivity 
with LOD of 0.0062 mg/kg and great selectivity over the other ten commonly 
used insecticides were obtained. Moreover, these cationic Au@Ag NPs could 
also be used to form aggregation on S. aureus and the two-photon imaging of 
these bacterial pathogens was successfully obtained. Due to presence of 
antimicrobial Ag nanoshell and the charge differential between bacterial cells 
and normal mammalian cells, the selective killing of cationic Au@Ag NPs 
towards S. aureus over mammalian red blood cells was observed. Therefore, 
Au@Ag NPs have great potential to act as a promising multifunctional 
material which can be applied in the biomedical field.  
It should be however pointed out that most of these studies were carried 
out in the solution. It did not take into account the numbers of metal 
nanoparticles affecting on the metal-based plasmon-enhanced two-photon or 
multiphoton excitation photoluminescence system since it was difficult to 
control the number of metal nanoparticles involved in the system. To address 
this problem, single particles experiment will be carried out in future work.  
It was also shown that metal-based nanostructures for plasmon-enhanced 
two-photon and multiphoton excitation photoluminescence have successful 
application in cancer cell and bacterial imaging, insecticide detection and 
antibacterial activity. After in vitro studies of these metal-based nanostructures, 
they will be developed for multifunctional nanosystems and in vivo tests in 
future. For instance, a specific siRNA delivery experiment by 
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NaYF4:Yb,Er@SiO2@Ag nanocomposites can be carried out in future since 
inhibiting some protein over expression plays an important role in 
tumorigenesis and metastasis. Further modification of Au NPs or Au@Ag NPs 
with antibody or aptamer can expect to develop for in vitro imaging, treatment 
and sensing of cancer cells and bacteria.  
